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The foodborne pathogen, Listeria monocytogenes, can contaminate ready-to-eat 
(RTE) deli meats at retail delis, since retail delis provide an ideal environment for L. 
monocytogenes growth. Current risk assessment indicates that 83% of listeriosis cases 
from RTE deli meats are all from RTE deli that are sliced at retail delis. Strategies for 
controlling L. monocytogenes in retail establishments are essential to prevent post-
processing contamination of RTE foods. In order to determine the potential risk factors 
associated with L. monocytogenes contamination and develop best practices to reduce L. 
monocytogenes, we sampled the retail establishment environment, isolated L. 
monocytogenes, and conducted a Store Characteristics Survey analysis among 85 retail 
deli establishments. L. monocytogenes prevalence was higher on non-food contact than 
food contact surfaces. Several practices implemented in retail delis were shown to be risk 
factors for L. monocytogenes cross-contamination. For example, handling raw meat near 
deli area, low numbers of slicers designated to slice deli meats, and all sanitizers not 
properly applied were associated with high L. monocytogenes prevalence (p < 0.05).  
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 In addition, the intrinsic factors of L. monocytogenes have also been linked to 
cross-contamination in retail deli establishments. Studies have shown that L. 
monocytogenes can persist in a deli environment for a long time and can cross-
contaminate foods when cleaning and sanitizing are not properly executed. To understand 
the correlation between L. monocytogenes persistence and biofilm formation as well as 
sanitizer tolerance, we assessed sanitizer tolerance to quaternary ammonia by minimum 
inhibitory concentration (MIC) and biofilm formation by attachment assay among 41 
persistent and 97 transient isolates. Persistent L. monocytogenes isolates were more likely 
to form biofilms and tolerate to sanitizers (p <0.05) than transient isolates. A negative 
correlation was detected between isolates with enhanced biofilm formation on day 5 and 
sanitizer tolerance, meaning weak biofilm formation might result in higher sanitizer 
tolerance.  
Data obtained from this study underscores the importance of appropriate cleaning, 
sanitation, and hygiene programs, as well as food safety education. Additionally, we 
provided insight into contributing factors that may support L. monocytogenes persistence 










L. monocytogenes is a formidable foodborne pathogen, which is widely 
distributed in soil, animal feces, water, dirt, dust, and some animals [1, 2]. More 
importantly, this bacterium has the ability to survive under many environmentally 
stressful conditions, such as high-salt, low heat, and low pH, which makes it difficult to 
control [3, 4]. When food contaminated by L. monocytogenes is consumed it can cause a 
serious infection, listeriosis. Foodborne transmission of listeriosis was first recognized 
due to an outbreak in 1981. This outbreak was epidemiologically associated with 
consumption of contaminated coleslaw in Canada, involving 41 cases and 18 deaths [5]. 
In the United States, the first recognized foodborne listeriosis outbreak occurred in 1983 
and was associated with pasteurized milk [6]. A spectrum of clinical illnesses associated 
with listeriosis ranges from febrile gastroenteritis to potentially fatal bacteremia and 
meningitis in susceptible population groups, including elderly, fetuses, pregnant women, 
and immunocompromised individuals [7, 8]. Even though listeriosis occurs relatively low 
in number, it has been associated with a significantly higher hospitalization and fatality 
rate than other foodborne infections [9]. Centers for Disease Control and Prevention 
(CDC) estimates that in the United States approximately 1,600 cases of listeriosis occur 
each year resulting in 1,500 hospitalizations; the case-fatality rate is 19% annually [9, 10]. 
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The majority of human listeriosis cases (99%) result from consumption of contaminated 
foods [9, 11, 12]. Both the food industry and regulatory agencies have made an effort to 
control this organism in the food production, processing, distribution, and consumption 
chain [13]. 
During 1996–2003, the incidence of listeriosis decreased by 24% [14], while 
during 2004–2009 incidence of listeriosis failed to decline significantly [15]. This led to 
the hypothesis that early on, regulatory and industry efforts were enhanced and were 
more likely to result in the decrease in listeriosis cases; the plateau in listeriosis cases is 
likely due to cross-contamination of L. monocytogenes from the retail environment [16, 
17]. Another study also revealed that in-store-packaged samples had significantly higher 
prevalence of L. monocytogenes than manufacturer-packaged samples of luncheon meats, 
deli salads, and seafood salads [18]. 
Since retail deli departments are likely to handle raw meat, poultry, and other 
ingredients, L. monocytogenes can easily be introduced to the environment [19]. In this 
case, the pathogen can potentially cross-contaminate various food contact surfaces as 
well as non-food contact surfaces. Study data have revealed that the most common 
contributing factors to foodborne disease were poor personal hygiene, inadequate 
cooking, improper holding temperature, food from an unsafe source, and contaminated 
equipment [17, 20, 21].  
Based on the natural habitat and epidemiology of L. monocytogenes, practices in 
certain areas such as slicers, deli cases, floors, and floor drains, have more important 
impact than others [22, 23]. Furthermore, L. monocytogenes can form biofilms which are 
very stable and difficult to remove. Therefore, Lianou and Sofos suggested implementing 
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food safety programs such as GMP, GHP, and HACCP, following the  guideline of the 
2009 FDA Food Code, and training deli managers and retail employees could have a 
measurable impact in reducing the risk of L. monocytogenes cross-contamination [20, 
24].  
  
1.2 L. monocytogenes Prevalence in Food 
 L. monocytogenes is widely distributed in various environments, including urban, 
natural [25, 26], farm [27], as well as food manufacturing [28], and retail food 
establishments [23]. The majority of listeriosis cases (99%) are attributed to contaminated 
food [9]. Associated food vehicles were implicated in confirmed listeriosis outbreaks 
attributed to deli meats (25%), frankfurters (13%), Mexican-style cheese (17%), dairy 
products (8%), and salad (13%) [16]. Other studies also indicated that high incidence of L. 
monocytogenes were found in chilled fresh catfish fillets (76.6%) and unchilled fillets 
(43.3%) [29]. Similarly, L. monocytogenes were detected from skinless chicken breasts 
(15%) and skin-on chicken breasts (34%) [30]. As L. monocytogenes can grow under 
refrigeration temperature, foods that support L. monocytogenes growth and stored for 
extended periods present an increased risk of listeriosis as it may allow L. monocytogenes 
to grow to numbers that are likely to cause human disease [31].  
 A quantitative risk assessment conducted in 2003 indicated that the highest-risk 
foods for causing human listeriosis were RTE deli meats, frankfurters (not reheated), 
pasteurized fluid milk, high-fat, and other dairy products [32]. Other data implied that in-
store-packaged luncheon meats, deli salads, and seafood salads have significant higher 
prevalence than the manufacturer-packaged samples [18]. An investigation conducted 
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among pasteurized fluid milk associated with the listeriosis outbreak in 2007 suggested 
that the post-pasteurization contamination was a major contributing factor [33]. Since L. 
monocytogenes is heat-sensitive, it is not likely to survive in food processing with heat 
treatments. Post-processing cross-contamination was indicative to be a major source of L. 
monocytogenes contamination. Processing including casing removal, slicing, or 
packaging are likely to introduce the pathogen onto processed RTE products from 
environmental sources [28, 32, 34, 35]. 
A recent quantitative risk assessment conducted in 2010 indicated that up to 83% 
of listeriosis cases caused by RTE meats are products sliced at retail [36]. Compared to 
pre-packaged deli meats, the number of deaths from retail-sliced deli meats is estimated 
to be 5 times larger on a per annum basis [36, 37].  Some data showed that nearly 70% of 
the estimated deaths resulted from products sliced at retail that were formulated without a 
growth inhibitor [37].  
 
1.3 L. monocytogenes Prevalence in Retail Delis 
To ensure food safety, FDA applies a policy of "zero-tolerance" for L. 
monocytogenes in RTE foods. However, L. monocytogenes may be introduced into retail 
and food service establishments in various RTE products and occasionally at high 
concentrations. According to epidemiological investigations and survey data, the 
potential sources of L. monocytogenes include the environment, food handlers, and 





1.3.1 Non-food contact surfaces are more likely to be contaminated 
 The common occurrence of L. monocytogenes in nature increases the likelihood 
that it may be introduced into retail deli establishments. Fecal, soil, feedstuff, or water 
from the surrounding environments that are contaminated with L. monocytogenes can be 
constantly brought into the retail delis by customers and employees’ shoes, cart wheels, 
raw meats, or fresh produce. This pathogen can be spread through traffic in the retail deli 
areas and persistence on the sites if not properly cleaned. Studies indicated that L. 
monocytogenes prevalence was significantly higher on non-food contact surfaces than on 
food contact surfaces [22]. Another study implied that 15-19% of samples have L. 
monocytogenes on non-food contact surfaces, while only 3-5% on food contact surfaces 
[38]. Among the samples from non-food contact surfaces, L. monocytogenes 
contamination was on floor/drains (27%), walk-in cooler (21%), and floor adjacent to 
entrance (14%).However, on food contact surfaces, L. monocytogenes was mainly present 
on raw meat/seafood display (9%), deli case (7%), multiple food contact areas (i.e., 
cutting board; 6%), utensils (4%), and slicers (3%).   
  
 1.3.2 L. monocytogenes cross-contamination 
 Research has been done to identify contamination patterns of L. 
monocytogenes in retail establishments. L. monocytogenes stains with identical ribotype 
were found in different sites within one establishment [22]. Even though the 
directionality of cross-contamination remains unclear, these data indicate the occurrence 
of cross-contamination. These data indicated the importance of implementing effective 
food safety practices in delis to prevent cross-contamination L. monocytogenes from 
6 
 
environmental sites in retail delis. Experts agreed that transfer probabilities of L. 
monocytogenes from cutting boards, scales, deli cases, and deli preparation sinks to 
product, as well as the probabilities from floor drains, walk-in cooler floors, and knife 
racks to food contact surfaces are similar [39].  
 Potential cross-contamination between food and hands or gloves is well 
documented [40]. Gloves may reduce bacterial transfer between food and hands. 
However, latex gloves are permeable to bacteria, so that bacterial contamination may still 
happen if gloves are not changed regularly [40]. Through various processing operations 
in the retail establishments, gloves or hands can be easily contaminated. For instance, 
touching hair, jewelry, shoestring, or other environmental surfaces that are contaminated 
with L. monocytogenes with gloves or hands can results in cross-contamination [20, 39]. 
In a recent observational study, hand washing practices in nine retail delis were observed. 
There was generally low compliance (2-17%) with the Food Code on the recommended 
frequency of hand washing in retail delis [41]. Frequent hand or gloves contact with food 
by employees has been identified to be responsible for foodborne disease outbreaks [42].  
 Another transmission pathway is between food and surfaces. RTE meat and 
cheese in the delis are sliced on slicers and sold from a deli counter; the potential 
transmission routes of L. monocytogenes are from environment to slicers and from 
contaminated slicers to food. In a transmission dynamics study, salami, which has higher 
fat and low moisture content compared with turkey and bologna, left a visible fat layer on 
the slicer blade [43]. Because of the nutrients that support L. monocytogenes growth, 
bacteria will remain on the slicer blade and transfer onto other fresh product. In general, 
contaminated slicers can prolong L. monocytogenes transfer and attribute to an increased 
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public health risk due to the growth of L. monocytogenes during long term refrigerated 
storage [43].  
  
 1.3.3 Persistence of L. monocytogenes 
 L. monocytogenes can remain in the environment over time typically due to 
ineffective cleaning and sanitation and/or biofilm formation. For persistent contamination, 
the same L. monocytogenes subtypes remains in the deli environment over time [44]. 
Sites that are not accessible can become niches where L. monocytogenes can survive and 
grow (e.g., the close fitting metal to metal or metal to plastic parts, cracked floors and 
walls) [45-47]. Persistent contamination has been identified as the most important source 
of L. monocytogenes cross-contamination to RTE foods [35, 48, 49].   
Issues related to L. monocytogenes persistence dictates the need for development 
and implementation of  effective food safety practices in delis to avoid potential sources 
of L. monocytogenes, control growth, and cross-contamination in the deli establishments. 
Good manufacturing practices and temperature control are essential to prevent or inhibit 
the pathogen growth to high levels [50]. Adaptation of proper cleaning, sanitation, and 
hygiene program designed for the retail establishments can provide effective control of L. 
monocytogenes in the environments. Furthermore, food safety education and training to 







1.4 Food Safety and Listeria monocytogenes Control Strategies  
The Food Code, developed by FDA, is a model used by local, state, and tribal 
jurisdictions when developing or updating their own food safety rules and regulations. It 
provides guidance for assuring food safety by establishing standards associated with 
equipment, physical facilities, management, and personnel [24].  Listeria spp. and L. 
monocytogenes control at retail delis is an ongoing challenge. To minimize the potential 
for L. monocytogenes contamination of RTE foods within the delis, food establishment 
operators should train and educate proper sanitation and employee practices; keep 
refrigerated foods as cold as possible and limit their storage time; take actions to prevent 
contamination during in-store handling and storage; and target sanitation procedures to 
areas that are likely to be contaminated by L. monocytogenes [51-53].  
 
1.4.1 Delis design, layout and facilities 
The design, layout and facilities in a retail deli department must be consistent with 
the products being produced and sold. The equipment used in retail food establishments 
should meet the American National Standards Institute (ANSI) standards. With the 
approval of recognized third-party certification organizations, including NSF 
International, Underwriters Laboratories (UL), Inc., and American Gas Association 
(AGA), equipment design, and construction to facilitate maintenance and sanitary 
operations for food production purposes should be validated. Since most equipment and 
facilities will be used for several years, proper design is needed to meet the current needs 
and accommodate future extension needs.  
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Work centers should be established in a retail food establishment. These should 
be designed in proper sizes for an individual or individuals to accomplish closely related 
tasks to largely reduce employee traffic and conserve time and effort.   
 
Table 1.1. Instruction on properly designed equipment used in the retail deli 




Requirement Advantage Example of 
equipment 
Sits on floor Elevated on 6-inch 
(15cm) legs, sealed to the 
floor, or mounted on 










Sits on counter Mounted on the counter 
with 4-inch (10cm) legs 




counter top and 





Based on the Food Code and construction standards, food equipment, and utensils 
must be smooth, seamless, easily cleanable, easy to take apart, easy to reassemble, and 
have rounded corners and edges with safe, durable, non-corrosive, and non-toxic 
materials. Furthermore, the materials used in the construction of utensils and food-contact 
surfaces of equipment must be resistant to chipping, pitting and deterioration, and not 














surface, easy to 
clean and maintain, 




Finish No. 4 is most 
commonly preferred for 
food production areas.  
Food containers, 
counter tops, sinks, dish 




luster finish.  
Lead, brass, copper, 
cadmium, and galvanized 
metal must not be used as 
food contact surfaces for 
equipment, utensils, and 
containers. 
Chromium over steel 
used in the conjunction 
with small appliance 
and alloys used in the 
construction of food 
equipment. 
Plastics The harder, more 
durable plastics are 
easier to clean and 
sanitize.  
Use food equipment that is 
made of only food-grade 
plastics. 
Covers of food 
containers, boxes, trays, 
storage containers, and 
bowls. 
Wood Light in weight, 
economical. 
Permits limited use of 
wood. Requires frequent 
maintenance and 
replacement.  
Cutting boards, cutting 
blocks, baker's table, 
and paddles used in 
pizza operations.  
 
It is recommended to establish and use definite plans to minimize equipment 
breakdowns and maintain its usefulness. These place emphasis on simple procedures: 
keep the equipment clean, follow the manufacturer's instructions for care and operation, 
post the instruction card near the equipment, stress careful operation and maintenance 





1.4.2 Cleaning and sanitizing operations 
Water is the primary component of cleaning materials used in retail food 
establishments. The water supply serving an establishment must be safe and potable. 
However, it may still contain substances that impart hardness, taste, and odors. Therefore, 
cleaning agents must be compatible with the characteristics of the water supply and the 
nature of operation [24].  
 
Table 1.3. Procedures for cleaning and sanitizing food-contact surfaces (adapted 
from FDA food Code 2009). 
 
 Agent Procedure 






Scrape and flush food particles with warm water. 
Small equipment and utensils immerse in cleaning 
solutions for a few minutes before scrubbing.  
Not use abrasive cleaners on stainless steel surfaces. 
Cleaning frequency of food-contact surfaces: at least 
every 4 h when used at room temperature, at least 
once every 24 h (at 41°F or less), at least once every 
20 h (at 41ᵒF-45ᵒF), at least once every 16 h (at 45°F -
50°F), and at least once every 10 h (at 50°F -55°F). 
Clean food-contact surfaces before changing between 
working and contamination may have occurred. 
Rinsing   Thoroughly rinse all equipment surfaces with hot and 
potable water to remove the cleaning solution. 
Sanitizing Heat 
 
Temperature at the surface must reach at least 160°F; 
Steam reached to 171°F for at least 15minutes, or 







Immerse pieces of equipment or utensil at prescribed 
concentration;  
Swab, brush, or pressure spray the sanitizing solution 
onto equipment and utensils; 
A chemical test kit or strips used to routinely check 





Table 1.4. Examples of procedures for cleaning and sanitizing non-food-contact 
surfaces (adapted from FDA food Code 2009). 
 
Site Procedure Special notes 
Ceilings, lights, 
fans, and covers 
Wet- or dry-cleaning technique. Use bucket method to keep water 
away from electrical devices. 
Floor In customer shopping areas, floors 
are usually cleaned with floor 
cleaning machines; 
In food production areas, floors 
can be cleaned using a spray 
system for washing and rinsing.  
Floors should be in good repair 
and not have any standing water. 
 
Floor drain Remove the grate or cover over 
the drain; 
Clean out waste and other debris; 
Use a sprayer or hose to flush the 
drain and grate or cover; 
Clean the drain with drain cleaner; 
Wash the drain using a brush or 
water pressure from the sprayer; 
Rinse the drain with hot water; 
Pour or spray sanitizer into the 
drain. 
All floors should be sloped to 
drains to remove soil and the 
water.  
Drains should be in good repair.  
 
 
1.4.3 Targeted sanitation procedures 
The primary focus should be on contamination of food-contact surfaces.  
Table 1.5. Areas that could harbor L. monocytogenes in a retail food 
establishment (adapted from FDA food Code 2009).  
 
 Food contact surfaces Non-food contact surfaces. 
Areas of 
Concern 
Slicers  Floors, drains, in preparation areas. 
Cutting boards  Interior of display cases and walk-in 
coolers (condensate, drip pans, 
drains and door tracks). 
Knives, knife racks, tubs, bowls, 
platters and utensils. 
Cleaning tools for food contact 
surfaces (brushes and cleaning 
cloths). 
Food containers and trays in 
display cases and refrigerators. 
Cleaning tools such as mops and 
buckets.  
Food contact surfaces inside 
display cases. 
Wet floors, standing water.  
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A food establishment should implement written procedures for proper cleaning  
and sanitizing of food contact and non-food contact surfaces. These procedures should 
include the frequency of cleaning, chemicals to use, instruction on how to perform the 
task, and the steps to verify it is being done correctly. A visual examination should be 
done of all food contact surfaces before the start of operations to ensure appropriate 
compliance with cleaning procedures and to take corrective action if necessary. All 
equipment used to clean the deli areas should be easily cleanable and free of defects. 
Equipment should comply with the specifications listed in the FDA and CFP Food 
Establishment Plan Review Guide (http://www.cfsan.fda.gov/~dms/prev-toc.html).  
 
Table 1.6. Sanitation programs associated with L. monocytogenes (adapted from 
FDA food Code 2009). 
 
Sanitation procedure Annotation Special notes 
Clean Effectively remove soil. 
Remove food spills quickly.  
Limiting standing water. 
Remove the drain cover and 
basket; remove all debris 
and  
discard into the trash 
container. Use a drain brush 
to scrub and remove organic  
material from the drain 
hole. 
Rinse   
Sanitizer  
 
Proper application of a 
sanitizing agent, which 
includes contact time, 
concentration and 
temperature. 
Use quaternary ammonium 
compounds to sanitize  
the floor and drain area. 
Consider using bactericidal 
drain rings where RTE food 
is prepared and stored. 
Enzymatic cleaners can also 
be effective in  
removing organic material, 




Since wet cleanup can easily contaminate the exposed food, equipment, utensils 
or food packaging, only a dry cleanup should be done during food production. Low-
pressure foaming guns and sanitizer rinse guns may be used only after removal or 
protection of all foods, previously cleaned equipment, and single service articles.  
 
1.4.4 Employee training and education 
Training and supervision at the appropriate level and frequency are necessary to 
equip employees with the knowledge and skills to follow policies and procedures 
designated to control critical risk factors associated with receiving, storing, preparing, 
holding, displaying, and handling food in the food establishment [53]. Employees should 
be aware of the severity of listeriosis and the severe impacts it could potentially have on 
the establishment and its customers. 
The cleanliness and food employees' personal hygiene are extremely important in 
a food establishment [37, 54]. If a food employee is not clean, the food he or she handles 
can become contaminated. It is essential to train the food employees on when and how to 
properly wash hands, to wear clean clothing, maintain good personal habits, and maintain 
good health. Any person who is shown to have an illness should be excluded from 
operating or contacting RTE food, food-contact surfaces, or food-packaging materials 
until the person is recovered. Personnel with illness or health related issues should report 
to their supervisors. 
In compliance with the Food Code recommendations, food employees should use 
approved cleaning compound (soap or detergent) and vigorously scrub fingers and 
fingertips, front and back of hands, wrists, and forearms for at least 10-15 seconds. Hands 
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are then rinsed under clean, warm running water ensuring around fingernails and between 
fingers. Hands should be dried with a single-service paper towel, an electric hand dryer, 
or clean section of continuous rolled cloth towel. All persons should wash their hands 
thoroughly in a separate sink specified as a hand washing sink before food preparation, 
after each absence from the work station, and at any other time when the hands may have 
become contaminated [24].  
It is essential to use suitable utensils (such as spatulas or tongs), or wear gloves 
after washing hands and before touching exposed RTE foods, food-contact surfaces, and 
packaging materials. The gloves worn by employees need to be made of impermeable 
material, in good repair, easily cleanable or disposable, and used only in deli areas. Multi-
use gloves need to be washed and sanitized after the employee touches any non-food-
contact surface, and single-use gloves need to be discarded and replaced after the 
employees touch any non-food-contact surface. Gloves worn outside of deli areas should 
be discarded before returning to the deli area [24].  
Aprons or smocks should be worn while working in deli areas as employees' 
clothing might be contaminated with pathogens. Before leaving food preparation areas, 
for instance leaving for breaks, eating meals, or visiting toilet facilities, employees should 
remove aprons and smocks [52].  
 
1.4.5 Time and temperature control 





C, the colder the temperature, the slower it will grow. Maintaining deli products at 
cold temperatures is essential to minimize the growth of L. monocytogenes. According to 
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USDA risk assessment and FDA Food Code, deli products should be held at a 
temperature of 5°C or lower during cold storage to prevent risk of listeriosis [24, 32].  
Refrigeration units should be of adequate capacity and sufficient air circulation to 
maintain deli products' temperature below 5
o
C at all times. Freezers should be capable of 
keeping foods frozen. Cold holding units for storage and display must be equipped with 
at least one permanently affixed accurate thermometer that is located to allow for 
monitoring, maintaining, and management by the employees at the correct temperature 
[53].  
FDA guidelines recommend that certain potentially hazardous RTE foods be date 
marked with a storage time of seven days or less once opened or prepared in a food 
establishment and is stored at 5
o
C or below for more than 24 h. Maintaining a product 
rotation system based on the manufacturer's date code or recommended shelf life, and 
using the product with the shortest remaining shelf life first are essential to reducing 
storage time of food [53].  
 
1.4.6 Cross-contamination prevention 
Since L. monocytogenes is present in many environments, it is extremely difficult 
to eliminate it completely in food establishments. Unclean equipment, poor sanitation, 
incoming raw materials or products, and employees may easily result in L. 





Table 1.7. Preventing cross-contamination from various sources (adapted from 





Raw foods Complete separation of raw 
and RTE foods;  
Color-coding on cutting 
boards, handles on knives, 
tongs and utensils. 
Once space is limited, using 
sufficient physical space, physical 
dividers, different production with a 
complete cleaning and sanitizing in 





Store at least six inches above 
the floor to avoid moisture 
absorption and to facilitate 
cleaning and pest control. 
Pallets, boxes, shipping containers 
or other items from outside the food 
establishment should not be brought 
directly into RTE food preparation 
areas. 
Foot traffic Only personnel followed 
proper preventative procedures 
are allowed to enter into RTE 
food preparation areas. 
 
Garnishes Fresh garnishes should be 
thoroughly washed before 
contacting with RTE foods and 
replaced regularly.  
Plastic garnishes should be cleaned 





Food and packaging materials 
must be removed or protected. 
Food processing equipment 
that may have been 
contaminated must be cleaned 
and sanitized prior to use. 
Whenever possible, defective 
equipment should not be repaired in 
a food preparation area.  
Limited Maintenance personnel's 
access into food preparation areas. 
Employee 
Practices 
A written employee health and 
personal hygiene policy should 
be established. 
Employees are trained and 
knowledgeable about the sources of 
contamination and practices that can 
minimize or prevent problems. 
 
1.5 Observational Studies of Retail Employees' Behavior 
Even though retail deli departments may comply with the FDA Food Code 2009 
recommendations, there still may be problems resulting in high frequency of 
contamination and high concentration of L. monocytogenes in deli meat sliced at retail. 
One study concluded that L. monocytogenes contamination in retail delis is likely 
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facilitated by retail employees’ contact between contaminated objects in the deli area and 
RTE foods during operational hours [55]. Lubran, et. al. concluded that hand washing 
behavior of employees in retail food establishments have low compliance with Food 
Code recommendations [56]. Several studies have assessed the behavior of retail 
employees during operational hours using various methods, such as telephone surveys in 
which respondents self-report behavior and observational study in which food employees 
are observed as they perform their normal work duties [57-60]. Since food employees are 
likely to overestimate their own compliance with food safety recommendations, 
observation studies are considered to be more reliable [61].  
 
1.5.1 Hand washing and cleaning actions 
High frequency of glove use at retail delis are observed in the observational study 
in retail deli department [56]. In general, employees changed their gloves and washed 
their hands before wearing gloves, which is compliant with the Food Code 
recommendation. Although the frequency of adequate hand washing was relatively high, 
the overall compliance according to the Food Code was very low, since the Food Code 
recommended that that retail employees should wash their hands after touching bare body 
parts, after touching a trash can, and after entering the deli department and/or changing 
tasks. Another major action that has low compliance with Food Code recommendations 
was the frequency of contact between gloved hands and non-food contact surfaces. As 
recommended, hands should be washed after touching potentially contaminated non-food 
contact surfaces, and before handling RTE foods. The study observed that retail 
employees touched a variety of non–food contact surfaces with gloved hands including 
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the scale touch pad, the refrigerator knob, and the deli case knob [41]. Most often, after 
employees touched such non–food contact surfaces, they returned to work slicing deli 
meat and cheese without changing gloves. This indicated that reconfiguration of job 
duties and effective sequencing of work tasks could reduce the number of times hands are 
washed in the deli department. This study suggested limiting the contact between gloved 
hands and the wrapper or casing of the RTE products and using deli tissue to hold on the 
product that is being sliced.  
 
1.5.2 Clean and sanitize equipment, utensils and surfaces 
Many of the deli departments are not only responsible for preparing RTE deli 
meat, cheese, and salads, but also responsible for preparing rotisserie chicken and fried 
chicken, which means that they are handling both raw and prepared RTE foods. Retail 
employees performed a large number of cleaning and sanitizing actions on both food 
contact surfaces including deli slicer, sink, utensils, work surfaces, and on non–food 
contact surfaces such as the deli case knobs and scale [17]. Among these actions, the 
majority were not adequate since they did not follow all of the steps outlined in the Food 
Code in order to be effective (i.e., wash, rinse, and sanitize). The actions included 
washing with hot water, use of a detergent and sanitizer, and air drying of surfaces or 
equipment. Sometimes, the retail employees performed a minimum of wiping with a 
cloth dipped in a sanitizer solution or disposable paper towel on the equipment, utensils 





CHAPTER 2. IDENTIFICATION OF PRACTICES TO REDUCE AND 




Listeria monocytogenes control in retail delis is an ongoing challenge. Research 
has increasingly focused on prevalence, distribution and transmission of L. 
monocytogenes in retail deli establishments, while our knowledge about the potential risk 
factors associated with high L. monocytogenes prevalence has remained limited. We 
conducted a Store Characteristics Survey among 85 retail deli establishments where we 
tested environmental samples for L. monocytogenes. Within 20 establishments sampled in 
this study, L. monocytogenes prevalence was only present on non-food contact surfaces. 
With the model our group developed previously to predict high L. monocytogenes 
prevalence probability, increased probability of high L. monocytogenes prevalence was 
associated with several risk factors, including a raw meat department located adjacent to 
the deli area, slicers being used to slice multiple products (as opposed to only deli meat), 
and bleach being  used on deli floor drains. Our study indicates that (i) non-food contact 
surfaces have higher L. monocytogenes prevalence than food contact surfaces; (ii) 
practices for handling raw meat should be standardized to avoid cross-contamination; (iii) 
equipment and facilities, such as slicers and floor drains may need to be remodeled or 
replaced; and (iv) proper sanitation practices should be implemented. Overall, our study 
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demonstrates the correlation between L. monocytogenes prevalence and retail deli 
management and deli employee practices, providing insight into critical strategies for 
controlling L. monocytogenes in retail delis. 
 
2.2 Introduction 
Listeria monocytogenes is a facultative anaerobic opportunistic foodborne 
pathogen which is widely distributed in soil, water, and animals [27]. This bacterium is 
salt-tolerant and can grow at refrigeration temperatures and survive at freezing 
temperatures, but is sensitive to extremes in pH, pressure and temperature. In humans and 
animals, L. monocytogenes causes the severe disease listeriosis. Listeriosis can result in 
febrile gastroenteritis in healthy people, while causing potentially fatal bacteremia and 
meningitis in susceptible population groups including the elderly, fetuses, pregnant 
women, and immunocompromised individuals. The Centers for Disease Control and 
Prevention (CDC) estimates 1600 cases of listeriosis, 1500 hospitalizations and 260 
deaths in the United States annually [15, 62]. Due to its high fatality ratio (~19%) 
compared to other foodborne pathogens, food regulation agencies and food industries 
have made significant efforts to develop and implement strategies to eliminate L. 
monocytogenes [62]. The majority of listeriosis cases (99%) are attributed to 
contaminated food. Among those, ready-to-eat (RTE) meats and cheeses are the highest 
risk food category for causing listeriosis in the U.S. [63].  
As L. monocytogenes is heat-sensitive, contaminated raw ingredients rarely cause 
illness directly when food is heat-treated [64].  A previous study revealed that in-store-
packaged samples had significantly higher prevalence of L. monocytogenes than 
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manufacturer-packaged samples of luncheon meats, deli salads, and seafood salads [65]. 
This indicates that post heat treatment contamination is a major contributing factor since 
deli meats, salads, and cheeses are sliced, repacked, or portioned for customers in retail 
stores [65]. L. monocytogenes may enter the deli daily from customers’ and workers’ 
shoes, carts wheeled across the store, raw meats, and fresh produce [35, 66]. A 2010 
study conducted in the US indicated that up to 83% of listeriosis cases caused by RTE 
meats are sliced in retail delis [36, 50].  
Studies conducted in the US in 2009-2011 found that 55-65% of retail 
delicatessen establishments have L. monocytogenes on food contact and non-food contact 
surfaces [23, 31, 38, 67]. Non-food contact surfaces (especially floor, drains, walk-in 
cooler, and floors adjacent to the entrance) showed higher L. monocytogenes prevalence 
than food contact surfaces (slicers and deli cases) [38]. Researchers found that L. 
monocytogenes strains with identical ribotypes were found in different sites within one 
establishment [22], which indicated the potential occurrence of cross-contamination.  
A structured expert elicitation study has provided some insights into possible L. 
monocytogenes transmission pathways, including transfer probabilities from cutting 
boards, scales, deli cases, and deli preparation sinks to product, as well as the 
probabilities of transfer from floor drains, walk-in cooler floors, and knife racks to food 
contact surfaces [39]. However, this study is inherently limited to experts' opinions and 
contains data gaps for L. monocytogenes transfer probability. Observational studies in 
retail operations indicated that hand washing behavior of employees in retail food 
establishments shows low compliance with Food Code recommendations [56]. However, 
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such studies generally involved a small number of establishments, which may not be 
representative of practices in all retail establishments.   
Here we used questionnaires to identify the general construction characteristics 
and practices currently implemented in retail delis in order to better understand potential 
risk factors which contribute to high L. monocytogenes prevalence. We hypothesized that 
high L. monocytogenes prevalence relates to certain construction designs as well as to 
employee and deli practices. To test this hypothesis, we (i) sampled environmental sites 
from 20 retail delis, (ii) collected Store Characteristics Survey from 20 retail deli 
managers; (iii) combined current 20 establishments with 80 other previously observed 
establishments; and (iv) conducted correlation tests to analyze the relationship associated 
between high L. monocytogenes prevalence and certain retail practices.  
 
2.3 Materials and Methods 
Sample collection. For this study, environmental samples were collected from 20 
retail deli establishments, in 2 states. During operation hours, we sampled 20 sites in each 
establishments. During our previous longitudinal study, these sites had been statically 
shown to be indicative of a higher risk of persistent and prevalent L. monocytogenes [68]. 
The environmental samples were collected from the following locations if they were 
available: (i) food contact surfaces: deli case, racks in deli storage cold room, slicer, deli 
case trays, 3-basin deli sink interior, deli sink (single basin) interior, cutting board, re-
wrap counter/table, counter; (ii) transfer point: deli case handle, slicer handle/knob, scale; 
(iii) non-food contact surface: drain in deli area, deli area floor adjacent to the drain, floor 
in deli area, floor in deli cold storage room; drain in cold storage room, trash can in the 
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deli area, standing water, squeegee, floor-to-wall juncture under 3-basin sink (only 
sampled if no drain was in the deli cold storage room) (Table 2.1).  
A small number of corporate retail food safety experts were specifically trained to 
conduct environmental sampling with sterile disposable gloves and sterile sampling 
sponges. Pre-moistened sampling sponges with 10 ml neutralizing buffer (Hydra-Sponge, 
3M, St. Paul, MN) were used to aseptically swab a specified surface area on food contact 
and non-food contact surfaces (Appendix A. Instruction of Environmental Sampling). 
These sponge samples were shipped in coolers to Purdue University overnight and kept at 
4
o
C before enrichment and isolation.  
 
L. monocytogenes enrichment and isolation. A total of 90 ± 1 ml of Buffered 
Listeria Enrichment Broth Base (BLEB; BD, Franklin Lakes, NJ) was added to enrich the 
sponge samples, followed by stomaching (Stomacher® 400 circulator) at 230 rpm for 1 ± 
0.2 min. After 4 h of 30°C incubation, 360 μl Listeria Selective Enrichment Supplement 
(LSES; acriflavin, 10mg/L; sodium nalidixate, 40mg/L; cycloheximide 50mg/L) were 
added to each sample and followed by incubation at 30°C for an additional 20 h. After 24 
h and 48 h incubation, 50 μl of aliquots of each sample were streaked onto modified 
Oxford (MOX; BD, Franklin Lakes, NJ) medium plates and L. monocytogenes plating 
medium (LMPM; R&F Laboratories, Downers Grove, IL) plates. Plates were incubated 
at 30°C (MOX) and 35
o
C (LMPM) for 24 h and 48 h growth. If typical L. monocytogenes 
colonies (turquoise-green round and flat colony on LMPM, or black-grey, with a black 
halo on MOX) were present, up to four random colonies per plate were sub-streaked onto 





another 48 h, followed by inoculating overnight (15-18 h) at 37°C, and stock isolates 
were stored at -80ᵒC in Brain Heart Infusion (BHI; Difco, Detroit, MI) broth and 15% 
glycerol.  
 
Retail establishments from previous study. For this study, we also used data from 
our group's previous work on L. monocytogenes prevalence from 80 other retail deli 
establishments in 9 states. Thirty establishments were from a longitudinal study [68], in 
which delis were selected at the discretion of the retailers. Longitudinal studies were 
conducted for 6 months, with sampling on 28 sites. The remaining 50 establishments 
were from an on-going screening study [69]. These stores were selected by corporate 
sanitarians who were asked to include both stores with perceived food safety challenges 
and those without problems. Screening studies were conducted for 1 month with 
sampling on 10 sites. Sampling methods and L. monocytogenes testing and isolation 
approaches applied in the longitudinal and screening study were the same as the methods 
used in this study.  
 
Store Characteristics Survey design and data collection. Our Store Characteristics 
Survey was developed by consulting corporate sanitarians, literature-based searches, and 
L. monocytogenes prevalence driven factors (Appendix A-1). This survey consisted of 79 
questions, which captured (i) physical characteristics of delis, (ii) food handling practices, 
and (iii) details on cleaning and sanitation practices in the deli establishments. 
In this study, the survey was distributed to 100 deli managers via mail and 
Qualtrics. A total of 70 surveys were distributed through Qualtrics to stores in this study 
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and in the screening study [69]. Deli managers were asked to complete the survey, and 
provide their corporated establishment number and most accurate answers to best reflect 
the retail deli operation practices. The remaining 30 surveys were mailed to deli 
managers who participated in the longitudinal study. During this study period, we were 
available for consultation by phone or email to clarify potential questions. Data were 
manually extracted from the surveys, and entered into a MS excel data base (MS office 
2007, Redmond, WA, USA).  
 
Statistical analysis. All statistical data analyses were performed using SAS v9.3 
(SAS Institute, Inc., Cary, NC).  
From our group's previous longitudinal study [68] and screening study [69], we 
developed a statistical model to predict the probability of a retail establishment having 
high L. monocytogenes prevalence. In this model, instead of collecting large numbers of 
sampling sites to determine L. monocytogenes prevalence (positive samples/number of 
samples), only a small number of sites were needed. We defined high L. monocytogenes 
prevalence as more than 10% L. monocytogenes positive samples in a large sample set (> 
20 samples). Using presence/absence of L. monocytogenes (presented as 1/0 at selected 
sites) the model applied logistic regression to calculate the probability that a retail deli 
would have more than 10% L. monocytogenes prevalence. We applied the sampling data 
closest to when the survey was completed in all 100 retail deli establishments (20 from 
this study, 30 from longitudinal study (Simons et al., 2014), and 50 from screening study 
(Hammons et al., 2014).  
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We categorized survey questions into three groups: continuous variables, ordinal 
variables, and categorical variables. Pearson Correlation Coefficients was used to analyze 
continuous variables (Q1.4, Q1.5, Q1.6, Q1.9, Q1.13, Q2.10, Q2.12, Q2.13, Q3.3, Q3.5), 
Spearman analysis was used to analyze ordinal variables (Q1.7, Q1.10, Q1.16, Q1.18, 
Q1.23), and ANOVA analysis was used to analyze the remaining variables which were 
categorical variables; Questions are detailed in Appendix A-1. A False Discovery Rate 
was used to adjust for the large number of comparisons, and the adjusted significance 
was defined as adj. p < 0.1. 
To discover what retail deli practices result in high L. monocytogenes prevalence, 
we applied a cross-tabular analysis to understand the relationship between options in 
categorical variables and probability of high L. monocytogenes prevalence. We grouped 
the delis into two classes: low L. monocytogenes prevalence group (predicted probability 
of high L. monocytogenes prevalence < 10%) and high L. monocytogenes prevalence, 
(predicted probability of high L. monocytogenes prevalence > 10%).  
 
2.4 Results and Discussion 
2.4.1 High L. monocytogenes prevalence on non-food contact surfaces 
In this study, L. monocytogenes prevalence was tested from environmental 
sampling conducted monthly among 20 food contact and non-food contact surfaces in 20 
retail deli establishments during operational hours for 2 months. A total of 785 samples 
were collected (Table 2.1). Considering results by sample sites, L. monocytogenes was 
isolated from six non-food contact surfaces (NFCS): the drain in cold storage room 
(10.5%), the floor in deli cold storage room (7.7%), the drain in deli area (7.5%), the deli 
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area floor adjacent to the drain (5.0%), standing water (3.8%), and the floor in deli area 
(2.5%). Meanwhile, Listeria non-monocytogenes species (L. spp.) were detected at a high 
level (from 5% to 25%) on non-food contact surfaces. On food contact surfaces and 
transfer points, L. monocytogenes were not detected, but L. spp. were detected at very 





Table 2.1. L. monocytogenes (LM) and Listeria non-monocytogenes species (L. spp) 
detected at each site for 20 stores in this study, sampling in 2 month, and overall LM and 


















       Food Contact Surface       
Deli case 0 (0/40) 2.5 (1/40) 1.9 (5/269) 2.6 (7/269) 
Racks, deli storage cold 
room 0 (0/40) 5 (2/40) 2.6 (7/270) 1.1 (3/270) 
Slicer 0 (0/40) 2.5 (1/40) 2.2 (5/226) 0.9 (2/226) 
Deli case trays 0 (0/40) 2.5 (1/40) 1.8 (4/220) 1.4 (3/220) 
3-basin sink interior 0 (0/40) 0 (0/40) 6.4 (14/219) 5.9 (13/219) 
Single basin interior 0 (0/38) 2.6 (1/38) 14.9 (30/202) 6.9 (14/202) 
Cutting board 0 (0/40) 0 (0/40) 1.6 (3/192) 1.0 (2/192) 
Re-wrap counter/table 0 (0/40) 0 (0/40) 0.5 (1/219) 0 (0/219) 
Counter 0 (0/40) 0 (0/40) 2.3 (5/218) 1.4 (3/218) 
      Transfer Point         
Deli case handle 0 (0/40) 2.5 (1/40) 3.7 (10/270) 1.9 (5/270) 
Slicer handle/knob 0 (0/40) 2.5 (1/40) 1.4 (3/220) 1.4 (3/220) 
Scale 0 (0/40) 0 (0/40) 3.3 (9/270) 1.5 (4/270) 
      Non-Food Contact Surface       
Drain, deli area 7.5 (3/40) 7.5 (3/40) 17.0 (45/264) 11.0 (29/264) 
Floor adjacent to the drain 5 (2/40) 17.5 (7/40) 20.5 (54/264) 17.4 (46/264) 
Floor, deli area 2.5 (1/40) 15 (6/40) 11.2 (30/269) 9.7 (26/269) 
Floor, deli cold storage 
room 7.7 (3/39) 7.7 (3/39) 17.9 (48/268) 7.8 (21/268) 
Drain; cold storage room 
10.5 
(4/38) 5.3 (2/38) 27.0 (55/204) 14.7 (30/204) 
Floor-to-wall Juncture 0 (0/4) 25 (1/4) 25.8 (31/120) 10.8 (13/120) 
Trash can 0 (0/40) 2.5 (1/40) 3.7 (10/270) 1.9 (5/270) 
Standing water 3.8 (1/26) 15.4 (4/26) 14.8 (17/115) 14.8 (17/115) 
Squeegee  0 (0/40) 5 (2/40) 21.1(36/171) 13.5 (23/171) 






(422/4740) 5.7 (269/4740) 
a
Percentage of Listeria monocytogenes positive (total positive/total tested) in 20 delis in this study; 
b
Percentage of L. spp positive (total positive/total tested) in 20 delis in this study; 
c
Percentage of Listeria monocytogenes positive (total positive/total tested) in 100 delis (20 delis from this 
study, 30 delis from longitudinal study, and 50 delis from screening study); 
d
Percentage of L. spp positive (total positive/total tested) in 100 delis (20 delis from this study, 30 delis 





With the low prevalence of L. monocytogenes by site and no evidence of 
persistence among the 20 delis enrolled in this study, we engaged 80 other retail deli 
establishments our lab has previously observed to understand the difference of retail deli 
management between the delis with low L. monocytogenes prevalence and high 
prevalence. From the overall L. monocytogenes and L. spp. prevalence in 100 
establishments (Table 2.1), both L. monocytogenes and L. spp. had higher prevalence on 
non-food contact surfaces than on food contact surfaces. The single basin sink interior of 
a food contact surface had a relatively high L. monocytogenes prevalence (14.9%) 
compared to other food contact surfaces.  
While L. monocytogenes prevalence was detected on various sites among the 
establishments based on sampling of food contact surfaces, transfer point, and non-food 
contact surfaces, L. monocytogenes prevalence was particularly high for the drain and 
floor in both the deli cold storage room and the deli area. Other studies have also shown 
significantly higher L. monocytogenes prevalence on non-food contact surfaces than on 
food contact surfaces [38]. Due to the common occurrence of L. monocytogenes in nature, 
it is possible to be introduced into retail deli establishments through fecal matter, soil, 
feedstuff, or water from environments that are contaminated with L. monocytogenes. This 
pathogen can be constantly brought into the retail delis by customers’ and employees’ 
shoes, cart wheels, raw meats, or fresh produce through traffic in the retail deli areas and 
can persist if the delis are not properly cleaned.  
Detailed studies on the characteristics of establishments have shown that large 
establishments, establishments located in New York city, or establishments with poor 
inspection history were more likely to have L. monocytogenes contamination than the 
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other establishments [23]. However, this might be attributed to the differences in deli 
operation management which impact the probability of L. monocytogenes introduction or 
survival in retail establishments. In this case, more detailed studies on retail level risk 
factors for L. monocytogenes presence and contamination are clearly needed, including 
studies of the correlation between L. monocytogenes presence and cleaning and sanitation 
practices, personnel management, and overall equipment and facility design.  
 
2.4.2 Correlation between survey questions and predicted probability of high L. 
monocytogenes prevalence 
With our group’s previously developed model [69], the probability of high L. 
monocytogenes prevalence was predicted in 100 retail delis (Appendix A-2).  This survey 
analysis process consisted of 85 retail delis with completed survey responses and 
predicted probability of high L. monocytogenes prevalence. Among the 100 distributed 
Store Characteristics Surveys, 86 were returned, representing retail delis from 8 retail 
chains across 9 states. Attempts were made to contact retail delis lost to follow-up. 
Reasons for loss to follow-up could be established for a subset of retail delis. They 
included reassignment to new divisions or other job-related changes. However, one 
establishment had no drain in its deli area, so its predicted probability could not be 
generated. Therefore, we did not incorporate this deli in our statistical analyse. Overall, 
85 retail deli establishments were incorporated in the statistical analysis.  
We defined a marginal association between the predicted probability of high L. 
monocytogenes prevalence and the variables which were significantly correlated before 
FDR analysis (p < 0.05). These included departments that are adjacent to the deli area 
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(Q1.20.4), types of floor drains present in the deli area (Q1.26.1), food product 
handled/drained in the single basin (production) sink (Q2.7), number of slicers that are 
designated to slice only deli meat (Q2.13), the frequency of the deli case being cleaned 
down to the coils (Q3.16), whether floor squeegees are used in the deli area (Q3.21), 
procedures used to clean the deli floor (Q3.24.2, Q3.24.4), sanitizers used on deli 
floors(Q3.26, Q3.27.1, Q3.27.2, Q3.29), sanitizers used to clean floor drains (Q3.32.1, 
Q3.32.2), and frequency of the deli cold room walls being cleaned and sanitized (Q3.34) 
(p < 0.05 Table 2.2). After adjusting for the possibility of false discovery, Q2.13 (the 
number of slicers that are designated to slice only deli meat) and Q3.32.1 (sanitizers used 
to clean floor drains) were the only two questions that were significantly related to L. 





Table 2.2. Survey questions with significant correlation with L. monocytogenes 











Q1.20.4 Is raw meat department adjacent or connected to the deli 
area? 
0.01 0.18 
Q2.7 Is raw chicken handled/drained in the single basin 
(production) sink? 
0.05 0.37 
Q2.13 How many slicers are designated to slice ONLY deli meat? 0.00 0.06 
Q1.26.1 Are round covered floor drains present in the deli area? 0.03 0.26 
Q3.16 How often is the deli case taken apart and cleaned down to 
the coils? 
0.03 0.26 
Q3.21 Are floor squeegees used in the deli area? 0.01 0.18 
Q3.24.2 Are scrub brushes used to clean the deli floor? 0.03 0.26 
Q3.24.4 Is spry-on sanitizer used to clean the deli floor? 0.01 0.18 
Q3.26 Is sanitizer used on deli floors? 0.03 0.26 
Q3.27.1 Is bleach used on floors? 0.00 0.15 
Q3.27.2 Is quaternary ammonium used on floors? 0.02 0.25 
Q3.29 What concentration of sanitizer(s) is used on floors 0.03 0.26 
Q3.32.1 Is bleach used on floor drains? 0.00 0.06 
Q3.32.2 Is quaternary ammonium used on floor drains? 0.02 0.26 




All questions that were significantly correlated with the probability of high L. 
monocytogenes prevalence were listed with p < 0.05; 
b
Annotation was defined based off the Store Characteristics Survey;
 
c
p-value represented the significance level performed by correlation test before FDR 
analysis. Missing p value suggested that the survey question was not valid for correlation 
testing since no difference was between responses;
  
d
adj. p-value represented the significance level performed by correlation test after FDR 
analysis. Missing p value suggested that the survey question was not valid for correlation 






2.4.3 Product scope impact on L. monocytogenes prevalence 
A total of 8/75 (11%) of survey questions were asked related to scope of products 
handled in the deli area, among which 2 (25%) questions were marginally associated with 
high L. monocytogenes prevalence. A total of 57/72 (79%) of delis with no raw meat 
department adjacent to the deli area (Q1.20.4; p = 0.01, adj. p = 0.18) were associated 
with low probability of high L. monocytogenes prevalence. Additionally, 6/13 (46%) of 
delis with an adjacent raw meat department were associated with high probability of high 
L. monocytogenes prevalence. In this case, it was significant to conclude that raw meat 
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Figure 2.1. Proportion of delis with low L. monocytogenes prevalence under 
different responses among categorical variables. The heading is the survey question. X-
axis is the proportion of retail deli establishments with low L. monocytogenes prevalence. 
Y-axis is the responses to each categorical variable. The fractional number represents the 
proportion of retail deli establishments with low L. monocytogenes prevalence under a 
specific response. Numerator is the number of delis with low L. monocytogenes 






From cross tabular analysis in Q2.7 (p = 0.05; adj. p = 0.06; Table 2.2), a total of 
38/44 (86%) delis not handling/draining raw chicken in the single basin (production) sink 
were indicative of lower L. monocytogenes prevalence when compared to the delis (24/39; 
62%) which handled raw meat in single basin sink (Figure 2.1). A number of studies in 
raw meat and raw meat processing plants have shown that L. monocytogenes prevalence 
in raw meat can be very high (~20%) [70-72]. In the processing plant environment, L. 
monocytogenes strains can also persist over a long period of time and cross-contaminate 
different sites in retail establishments [22].  
Risk factors for introducing L. monocytogenes into the deli environment could 
include employees' traffic (Q1.14, Q1.15, Q1.21, Q1.22), direction of air circulating in 
the deli area, approximate distance between raw meat department and deli area (Q1.23), 
and handling raw chicken in the deli area (Q2.3, Q2.4, Q2.5). Even though there was no 
significant correlation between L. monocytogenes prevalence and the individual questions 
for the above risk factors, it is possible that the combination of the factors might be the 
explanation.  
 
2.4.4 Equipment and facilities design impact on L. monocytogenes prevalence 
A total of 15/75 (20%) questions were designated in the equipment and facilities 
design category. Q2.13 (number of slicers that are designated to slice only deli meat) was 
found significantly associated with L. monocytogenes prevalence, while Q1.26.1 (types of 
floor drains present in the deli area) was marginally associated (Table 2.2). In this study, 
more slicers designated for only slicing deli meat (Q2.13) were significantly (p = 0.001; 
adj. p = 0.06) related to low probability of high L. monocytogenes prevalence (Table 2.2). 
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Other questions concerning application of slicers (Q2.10: number of slicers in the deli 
area, Q2.11: whether deli meat and cheese were sliced on the same slicer, Q2.12: number 
of slicers used to slice both cheese and deli meat, and Q2.14: whether modifications made 
to slicers) did not suggest significant or marginal correlations with L. monocytogenes 
prevalence (Appendix A-3).  
Slicers have always been a food safety concern in food processing plants and 
retail deli establishments [43, 73]. Slicers with niches or harborage points provide a risk 
for contamination by L. monocytogenes. Several listeriosis outbreaks have been linked to 
consumption of pre-sliced RTE deli meats contaminated with L. monocytogenes [36]. 
This indicated that a potential transmission route of L. monocytogenes is from the 
environment to slicers and from contaminated slicers to food. In the slicing study, salami, 
which has higher fat and low moisture content compared with turkey and bologna, left a 
visible fat layer on the slicer blade [43]. This could also occur with cheese and RTE deli 
meats. Once both RTE meat and cheese were sliced from the same slicers, cheese would 
be likely to leave a nutrient layer on the slicer blade that support L. monocytogenes 
growth. Bacteria would remain on the slicer blade and be transferred onto other sliced 
products. Other data on slicers had shown that lower total number of L. monocytogenes 
would be transferred to slicers when the initial levels of L. monocytogenes contamination 
on the slicer blade was lower and the slicing temperature was colder [74, 75]. In this case, 
the 2009 FDA Food Code [24] required that slicers held at room temperature should be 
cleaned and sanitized at least every four hours. To avoid the potential of L. 
monocytogenes cross contamination, some retailers have designated slicers to slice only 
meats and cheeses. It is essential to implement thorough cleaning and sanitizing on slicers, 
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as well as effective strategies to avoid L. monocytogenes cross contamination. 
Additionally, retailers should invest in sufficient slicers to have dedicated slicers for 
meats and separate slicers for cheese based on this study. 
In Q1.26 (types of drains present in the deli area), only Q1.26.1 (whether round 
covered floor drains were used in the deli area) was marginally associated with L. 
monocytogenes prevalence (p = 0.03; adj. p = 0.26; Table 2.2). However, the presence of 
trench drains, other drains, as well as no drains present in the deli floors showed no 
significant correlations with L. monocytogenes prevalence. By cross tabular analysis, 
14/14 (100%) of delis with no round covered floor drains showed lower L. 
monocytogenes prevalence compared to 49/70 (70%) delis which had round covered floor 
drains presented (Figure 2.1). Consequently, no statistically significant conclusion could 
be drawn on the type of floor drain that should be used in deli areas. Trench drains, 
however, were recommended to be eliminated by FDA Food Code in areas where RTE 
foods are processed or exposed [76]. They should be replaced with enclosed plumbing to 
a floor drain to prevent the accumulation of standing water, or equipped for automatic 
flushing. However, the delis without round covered floor drains in the deli area were 
more likely to have lower L. monocytogenes prevalence than the ones with such floor 
drains. 
 
2.4.5. Sanitation practices impact on L. monocytogenes prevalence 
A total of 36/75 (48%) survey questions were designed to investigate the cleaning 
and sanitation procedures implemented in the retail delis, among which 11 (31%) 
questions were designed to be associated with L. monocytogenes prevalence (Table 2.2). 
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By comparing the options in each question, a lower L. monocytogenes prevalence was 
marginally associated with delis which cleaned the deli case down to the coils (Q3.16) 
once per week (25/28; 89%) or once every 4 weeks (14/25; 56%);  cleaned and sanitized 
deli cold storage room walls (Q3.34) every week (12/17; 71%), once every 6 months 
(12/16; 75%), or I don't know (19/19; 100%); applied no floor squeegees (Q3.21) in the 
deli area (30/33; 91%); used no scrub brushes (Q3.24.2) to clean the deli floor (30/34; 
88%); and applied no spray-on sanitizer (Q3.24.4) to clean the deli floor (38/59; 81%). 
(See Table 2.2 and Figure 2.1 for specific questions details).  
According to FDA 2009 Food Code, food-contact surfaces, such as the deli case, 
should be cleaned at least once every 24 hours when used at a temperature of 5ᵒC or less 
[24]. However, the frequency of taking the deli case apart and cleaning it down to the 
coils has not been recommended by FDA. Based on the survey responses and L. 
monocytogenes prevalence, practices implemented in the retail deli establishments such 
as the frequency of cleaning deli case handles (Q3.14), the frequency of the interior of the 
deli case surface being cleaned (Q3.15), and how often the deli case was cleaned down to 
the coils (Q3.17) had limited correlation with L. monocytogenes prevalence. Therefore, to 
prevent potential cross-contamination and reduce risk of high L. monocytogenes 
prevalence, we recommended that deli case cleaned down to coils at least once every 4 
weeks.  
There is no FDA recommendation on the frequency of cleaning cold storage room. 
However, previous studies indicated that 21% of walk-in coolers sampled had L. 
monocytogenes contamination [38]. From the survey results, cleaning the cold storage 
room at least once every 6 months (conducted by 75% of stores) might be more 
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beneficial and practical in the retail establishments. Also, based on previous risk 
assessments, it is recommended that cold storage rooms should have adequate capacity 
and sufficient air circulation to maintain deli products' temperature below 5
o
C at all times 
[52].  
Cleaning and sanitizing equipment, such as squeegees, scrub brushes, and spray-
on sanitizers are recommended for cleaning the deli floor by FDA Food Code. From this 
study, employee practices with such utensils related to a higher L. monocytogenes 
prevalence (p < 0.05; Table 2.2). This underscored the need of implementing standard 
cleaning and sanitation procedures concerning these utensils. Researchers have found that 
standing water is one of the reservoirs and harborages of L. monocytogenes and can 
facilitate the spread of L. monocytogenes into other areas of the plant [77]. Appling 
sanitizer boluses to sanitize standing water on a continuous basis is recommended in 
some food handling system [78]. Food Marketing Institute (FMI) has also recommended 
that cleaning and sanitizing deli floors should be done with a squeegee to propel excess 
water toward drains [53]. However, after sanitizing the deli floor, the squeegee should not 
be used to dry the floor, due to potential cross-contamination [53, 78]. According to FDA 
guidelines, floor brushes and scrubbers are regarded as potential sources of L. 
monocytogenes [76]. Maintaining and cleaning brushes and floor scrubbers is essential, 
so that they do not become a source of contamination. It is recommended that brushes or 
floor scrubbers should be dedicated to areas where RTE foods are processed or exposed, 
or to areas where raw foods are processed or exposed [53, 76]. Color coding the brush or 
floor scrubber could be a useful visual reminder to distinguish the utensils dedicated to 
RTE food areas and raw food areas [52, 76]. Squeegees, brushes and scrubbers must also 
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be cleaned and sanitized per their Sanitation Standard Operating Procedures (SSOPs) 
prior to storage and store in a designated area [53]. 
Foam disinfectant sprays were recommended for the floor at the entrance of the 
food processing plant in order to control L. monocytogenes introduction by foot traffic, 
since shoes might be a source of contamination [52, 76]. It is not yet practical for 
utilization. From the Food Code 2009, floors in food production areas can be sanitized 
using a pressure sprayer for sanitation [24]. However, the hose itself is a potential source 
of L. monocytogenes contamination, as hose nozzles and employee hands could be 
contaminated during retail daily practices [52, 78]. Also, food and equipment may be 
contaminated by spray from high-pressure hoses, since the splashes from such hoses 
would spread L. monocytogenes onto other surfaces. Therefore, it is recommended to 
keep hose nozzles off the floor or other unclean surfaces, and care should be taken when 
using high-pressure hoses to clean the floor in the RTE preparation and storage areas [52]. 
Questions concerning sanitizers used on deli floors and floor drains were 
associated with L. monocytogenes prevalence (p < 0.05). According to cross tabular 
analysis, a lower L. monocytogenes prevalence was marginally associated with “no 
sanitizer used on deli floors” (30/34; 88%), “don't know the concentration of sanitizer 
used on floors” (12/12; 100%), “no bleach used on floors” (62/81; 77%), “no quaternary 
ammonium used on floors” (44/52; 85%), and “no quaternary ammonium used to clean 
floor drains” (40/47; 85%; Figure 2.1). Additionally, Q3.32.1 (p = 0.001, adj. p = 0.06) 
on bleach usage on floor drains was considered significantly associated with L. 
monocytogenes prevalence. A total of 53/64 (82%) delis which responded that no bleach 
was used on floor drains were associated with low L. monocytogenes prevalence. 
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Meanwhile, a total of 10/18 (56%) delis with bleach used on floor drains were associated 
with high prevalence. Therefore, it indicated that bleach application on the floor drains 
was related to a high L. monocytogenes prevalence.  
Based on the results concerning sanitizer application in the retail deli 
establishments, we predict that the concentration and water temperature may not have 
been properly applied in some of the delis’ areas or that surfaces were not cleaned prior 
to sanitizing. According to FDA Food Code 2009, the recommended cleaning agents are 
chlorine (25-100ppm), iodine (12.5-25ppm), and quaternary ammonium (< 200ppm) [24]. 
Different concentrations of sanitizers are effective only within specific temperatures and 
contact times is properly cleaned [24]. Using higher concentrations of sanitizers does not 
make it a more effective sanitizer. Soil or dirt can also inactivate the effectiveness of 
sanitizers. Therefore it is important to remove the soil, dirt, and debris before sanitizing 
the floor drains [52, 76]. Retail managers should check their protocols for sanitizer usage 
for cleaning and sanitizing the floor and floor drains. Additionally, deli employees need 
to be educated, trained, and supervised on the knowledge and practices to clean and 
sanitize the floor and floor drains. 
 
2.4.6 Personnel management impact on L. monocytogenes prevalence 
A total of 15/75 (20%) survey questions were designed to identify the personnel 
management practices in the retail delis. Although none of the questions were 
significantly associated with L. monocytogenes prevalence after FDR correction, two 
questions (Q1.5 and Q1.8) had marginal association with L. monocytogenes prevalence (p 
< 0.1). Based on Pearson correlation coefficients test, more employees at work during a 
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given shift in the deli (Q1.5) related to lower probability of high L. monocytogenes 
prevalence. Further, 9/11 (81.8%), 16/25 (64%), 32/37 (86.5%) delis that have the most 
workers working on Friday, Saturday, and Sunday respectively (Q1.8), showed lower L. 
monocytogenes prevalence. This suggests a potential increase likelihood in L. 
monocytogenes contamination by low number of workers operating in the deli area. Low 
numbers of workers would contribute to more traffic in the deli areas, which may 
transmit pathogens to food from food contact surfaces, non-food contact surfaces, from 
another food, or from contaminated hands [55]. Conversely, when more employees are 
involved in working in the deli area, work centers are more likely to be established. Work 
centers should be designed in the proper size for an individual or individuals to 
accomplish closely related tasks without moving away from them [24]. In this case, deli 
employees would finish the job while reducing travel and conserving time and effort.  
Moreover, according to other observational studies, the de-contamination actions were 
frequently inadequately conducted by food handlers [56, 57, 59]. By incorporating 
greater numbers of employees in the deli area, the employees would have more time to 
carefully wash hands, avoid cross-contamination, and complete recommended cleaning 
and sanitizing frequency of food and non-food contact surfaces.  
 
2.5 Conclusion 
Our data show that L. monocytogenes is widely spread throughout the retail 
establishment environment, especially on non-food contact surfaces. However, cross-
contamination of RTE products might be a potential source of L. monocytogenes 
transmission from non-food contact surfaces to food contact surfaces. Hence, L. 
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monocytogenes controlling strategies should be aimed at minimizing cross-contamination 
from (i) product handled in the deli area (e.g., through separating raw meat and RTE meat 
products in the deli area), (ii) equipment design and construction (e.g., through 
application of more slicers dedicated for slicing deli meats and through better designed 
floor drains), (iii) sanitation practices (e.g., through implementing standard sanitation 
protocols and through supervision of deli employees by deli managers),  and (iv) 
personnel management (e.g., through controlling traffic in the deli area).  
The survey design was critical to provide baseline data for identifying the risk 
factors for L. monocytogenes presence and prevalence. However, more studies on L. 
monocytogenes transient and persistent strains will be needed to identify the direction of 





CHAPTER 3 BIOFILM FORMATION AND SANITIZER TOLERENCE OF 




Listeria monocytogenes persistence has been identified as an important source of 
L. monocytogenes cross-contamination for RTE foods. Previous studies by our group 
found that the same isolates of L. monocytogenes (based on Pulsed Field Gel 
Electrophoresis (PFGE) subtyping) can persist in a deli for over a year even if it is 
routinely cleaned and sanitized. We conducted this study to determine if persistent 
isolates were more likely to form biofilms and/or have increased tolerance to commercial 
sanitizer, as compared with transient isolates. A total of 41 persistent (isolated from the 
same site and store with the same PFGE pattern for   2 months) and 97 transient isolates 
were evaluated. Sanitizer tolerance was assessed by a minimum inhibitory concentration 
(MIC) assay of quaternary ammonia sanitizer from 3.2 ppm-100 ppm in 1/10X and 1X 
TSB to mimic nutrient rich and limiting conditions, revealing a positive correlation 
between persistent isolates and sanitizer tolerance. Biofilm experiments were performed 
under biofilm-promoting conditions in polyvinyl chloride microplates, followed by 
crystal violet staining to quantify attached biomass. Persistent L. monocytogenes isolates 
formed greater biofilms than transient isolates on day 3. Nutrient conditions were 
determined to not be significantly associated with sanitizer tolerance. Further, a negative 
correlation was found between enhanced biofilm formation on day 5 and sanitizer 
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tolerance under nutrient rich conditions. This underscores the importance of sanitation 
programs which eliminate niches harboring L. monocytogenes and therefore reduce 
pathogen transmission to foods. 
 
3.2 Introduction 
L. monocytogenes is a foodborne pathogen which causes illness ranging from 
mild gastroenteritis to severe infections of the blood stream or the central nervous system 
or spontaneous abortion, depending on host susceptibility. High risk groups include the 
elderly, the immunocompromised, pregnant women, and neonates. Compared to other 
foodborne pathogens, L. monocytogenes has a relatively high lethality rate of ~ 19% [65, 
79, 80].  
The majority of human listeriosis cases (99%) result from consumption of 
contaminated foods [11, 12, 80]. Current USDA-FDA quantitative risk assessments 
indicate that 83% of listeriosis cases from RTE deli meats are from RTE deli meats sliced 
at retail delis [36, 37]. Retail deli establishments have an ideal environment to support L. 
monocytogenes growth due to the type of foods they serve, their moist environment, and 
their ambient temperatures [81]. It has been shown that L. monocytogenes can establish a 
niche, colonize the processing environment, and contaminate food products during 
processing [82]. L. monocytogenes isolates may be persistent on surfaces in the food 
industry, even though these are routinely cleaned and sanitized [83-86]. 
L. monocytogenes is known to protect itself against various physical and chemical 
stresses by forming biofilms on abiotic and/or sometimes biotic surfaces and can exist as 
a mass of microcolonies [87-89]. L. monocytogenes has been found to form biofilms on 
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various food contact surfaces, including plastic, polypropylene, rubber, stainless steel, 
and glass [90, 91]. These biofilms are considered a potential cause of contamination in 
the food processing environment [92]. Once biofilms are formed, they can be difficult to 
remove, since biofilms often have greater resistance to disinfectants than planktonic 
organisms [93-96]. Several studies have shown that the surface of L. monocytogenes 
biofilms is dynamic and can continuously sense and change in response to changes in 
environment [97]. Additionally, biofilms formed by L. monocytogenes can be influenced 
by multiple factors, including characteristics of strains, properties of surfaces, 
temperatures, growth media, and the presence of other microorganisms [96, 97].  
Quaternary ammonium compounds (QACs) are disinfectants widely used in food 
processing plants for the elimination of L. monocytogenes. QACs generally affect cell 
membrane permeability and at low concentrations lead to a progressive leakage of 
cytoplasmic materials at low concentrations. At high concentrations, they disintegrate the 
membranes and cause coagulation in the cytoplasm [98, 99]. However, it has been shown 
that their effectiveness in eliminating L. monocytogenes may be reduced by the presence 
of organic materials and biofilm growth [96]. Persistence of L. monocytogenes has been 
evaluated based on their tolerance to disinfectants, which is an adaptation whereby a 
bacterium is able to grow under increasing sub-lethal concentrations of a disinfectant, as 
tested by minimum inhibitory concentration (MIC) measurements. However, the terms 
"tolerance" and "resistance" are frequently misunderstood, as many authors also use the 
word “resistance” when experiments are done by the minimum inhibitory concentration 
(MIC) at sub-lethal concentration. Cerf et al. suggested using "resistance” when studying 
the phenomenon of a disinfectant killing fewer bacteria at a bactericidal concentration 
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than expected, while using “tolerance” when studying adaptation to inhibitory 
concentrations [100, 101]. We use "tolerance" in this study to describe the adaptation of 
L. monocytogenes to QACs.  
 In this study, we aimed to discover whether persistent and transient isolates 
possess different abilities to tolerate quaternary ammonium or form enhanced biofilms by 
attachment and the possible correlation between the ability to form biofilms and tolerance 
to quaternary ammonium. 
 
3.3 Materials and Methods 
Isolates. L. monocytogenes isolates, 138 in total, were selected from our groups' 
collection (Appendix A-4). They were isolated from retail establishment environments 
and were differentiated by Pulsed Field Gel Electrophoresis (PFGE). A total of 41 
persistent isolates (isolated from the same site and store with the same PFGE pattern 
for  2 months) and 97 transient isolates were selected. A standard laboratory control 
strain (10403S) was included where appropriate. All isolates were stored at -80°C in 
brain heart infusion (BHI; Benton Dickson, Sparks, MD) broth with 15% glycerol. 
 
Biofilm formation assays.  To assess the ability of isolates to attach on abiotic 
surfaces, we performed biofilm formation assays on polyvinyl chloride (PVC), a 
commonly used material in the food processing industry. We adapted the biofilm assay 
from Lemon, et al. and Chen, J. [102, 103]. Briefly, isolates were streaked out on BHI 
plates and incubated at 30
o
C for 24 h. One colony from each plate was inoculated into 
BHI broth and grown 15 to 20 h overnight at 20°C in a shaking incubator. Overnight 
50 
 
cultures were diluted into Hsiang-Ning Tsai (HTM) medium with 3% glucose to yield an 
OD600 of 0.5-0.1. A total of 150 μl diluted culture was transferred into each well of the 
PVC microplate (Corning Life Sciences, Corning, NY). Plates were covered, parafilmed, 
and incubated for 1, 3, and 5 days at 30
o
C. On each specified day, supernatants were 
removed and the plate was washed 3 times with sterilized water, followed by staining 
with a 0.1% aqueous crystal violet (CV) solution for 30 min. Wells were washed 4 times 
with tap water and left to dry overnight. An aliquot of 150 μl of 33% (v/v) solution of 
acetic acid was used to suspend the stained biomass, and the solution was transferred to a 
sterile polystyrene plate (Corning Life Sciences, Corning NY), scanning at OD590. 
Isolates were evaluated in triplicate. Isolates with average OD590  0.13 were considered 
to have enhanced biofilm formation (1), otherwise, they were considered to have weak 
biofilm formation (0). 
 
Sanitizer tolerance experiments. Sanitizer tolerance was assayed using a typical 
broth microdilution assay in Tryptic Soy Broth (TSB; Benton Dickson, Sparks, MD) with 
quaternary ammonium solution (EcoLab, St Paul, MN), which is commonly used in food 
processing plants. Utilizing the method outlined by Chen, J. [103], we examined 
concentrations ranging from 3.2 ppm to 100 ppm concentration. Isolated colonies were 
grown overnight on BHI agar plates at 37°C, and then suspended in TSB broth to yield an 
OD600 ranging from 0.124 to 0.140. A 1:100 dilution of the suspension was then 
transferred into 2X TSB and 1/5X of TSB, yielding final concentrations of 1X and 1/10X 
TSB, to simulate nutrient rich and nutrient limiting conditions, respectively. Aliquot 50μl 
of the diluted suspension was aliquoted to the assay plate containing 50μl of sanitizer 
51 
 
solutions. Microtiter plates were scanned at 600nm at 0 and 24 h to determine the 
minimum inhibitory concentration (MIC). Isolates which grew in   12.5 ppm quaternary 
ammonium after 24 h were considered tolerant to quaternary ammonium (1), otherwise, 
they were considered not tolerant (0). 
 
Statistical analysis. The isolates were categorized into 2 groups: persistent (1) and 
transient (0). A generalized linear mixed model (GLIMMIX) and the ANOVA with 
Tukey pairwise comparison was used to test the effects of "day", "type", and "day*type" 
interactions for biofilm formation analysis. Sanitizer tolerance analysis was performed 
also by GLIMMIX and the ANOVA with Tukey pairwise comparison used to test the 
effects of "nutrient", "type", and "nutrient*type" interactions. A linear regression model 
was used to compare the biofilm formation ability on day 3 with nutrient limiting and 
nutrient rich sanitizer tolerance. Data were analyzed using SAS (v 9.3, Cary, NC) where 
the significance was defined as p <0.05. 
 
3.4 Results and Discussion 
3.4.1 There is a positive correlation between persistence and ability to form 
biofilms on day 3 
We evaluated the ability of persistent and transient isolates to form biofilms by 
attachment to multi-well polyvinyl chloride (PVC) plates at day 1, 3 and 5 with optical 
density quantification (OD590) to indirectly measure attached cells. There was a 
significant difference in ability to form biofilms on PVC on day 3 compared to day 1 (p = 
0.0002) and day 5 (p < 0.0001; Figure 3.1). At day 1 and day 5, no significant differences 
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existed between the persistence and transient isolates (p > 0.05; Figure 3.1). However, at 
day 3 persistent isolates showed significantly higher attachment to PVC when compared 






Figure 3.1. Attachment to PVC at 30°C as determined by a CV-based staining assay at 1, 
3, and 5 day post inoculation. Height of the bars indicates average Log (OD590) for both 
the persistent and transient groups and the error bars represent one standard deviation 
above or below the mean. The black bar represents persistent isolates, while the hashed 
bar represents transient isolates. Comparisons were made using output from the PROC 
GLIMMIX in SAS. Letters represent the comparison results for isolates attachment 
ability on different days. An asterisk indicates a significant difference between the 












































Persistent isolates from food processing environment in other studies also showed 
stronger biofilm formation compared to transient isolates [104]. Additionally, in these 
studies, the majority of the isolates from surfaces in the food processing environment 
showed an increased number of cell counts in biofilms in the first 2 days, while a slowly 
decreasing number of cell counts afterwards [105].  This may explain why persistent 
isolates had the largest biofilms on day 3.  Ultimately, under the protection of biofilm 
formation, L. monocytogenes can survive stressful conditions and increase the potential 
for cross-contamination in the retail deli establishments [21, 90, 106].  
 
3.4.2 There is a positive correlation between persistence and quaternary ammonia 
sanitizer tolerance. 
We conducted sanitizer tolerance assay on 41 persistent (isolated from the same 
site and store with the same PFGE pattern for  2 months) and 97 transient isolates by 
minimum inhibitory concentration (MIC) testing of quaternary ammonia sanitizer from 
3.2 ppm to 100 ppm in TSB media for 24h (Appendix A-4). Different nutrient conditions 
were applied to mimic a RTE processing environment using both nutrient rich (1X TSB) 
and nutrient limiting (1/10X TSB) conditions. According to statistical analysis, L. 
monocytogenes persistent isolates were more tolerate to quaternary ammonia sanitizer (p 
= 0.016). After 24 h incubation at 37°C under both nutrient rich and nutrient limiting 
conditions, there was only marginally significant in sanitizer tolerant between different 
nutrient conditions (p = 0.081). Additionally, under nutrient rich or nutrient limiting 
condition, no significant differences existed between persistent isolates and transient 
isolates (p > 0.05). Based on our results, quaternary ammonium sanitizer tolerance was 
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slightly higher in nutrient rich conditions than nutrient limiting conditions. Similar 
studies on Pseudomonas strains showed QACs tolerance occurred with high 
concentrations of organic materials present (Langsrud, Sundheim, & Borgmann‐Strahsen, 
2003). These findings indicate that in the presence of proteins and in hard water, efficacy 







Figure 3.2. Sanitizer tolerance in 1/10 X TSB and 1X TSB after incubation at 
37°C for 24 h. Height of the bars indicate the percentage of persistent or transient isolates 
that have sanitizer tolerance ≥ 12.5ppm. The black bar represents persistent isolates, 
while the hashed bar represents transient isolates. The error bars represent one standard 
deviation above or below the mean. Comparisons were made using output from the 
Tukey's test in SAS. Letter represents the comparison results for sanitizer tolerance 

















































Tolerance to QACs is common in L. monocytogenes. Mereghetti et al. conducted 
QACs tolerance among L. monocytogenes strains isolated from environment, food 
products, animals, and humans. Isolates from food processing environment or food origin 
showed higher MICs than other isolates [107]. However, our knowledge about the 
mechanisms of tolerance is limited. Several studies on facultative and aerobic 
microorganisms have found several adaptation mechanisms, including changing the 
composition of their outer membrane components, cell wall surface hydrophobicity, and 
the acquisition or hyperexpression of an efflux pump [99, 108, 109]. For instance a study 
on S. aureaus showed that tolerance to QACs was mediated by an efflux pump [110]. L. 
monocytogenes can adapt to QACs with similar efflux pump utilization and cell surface 
fatty acids and antigens change [111]. Meanwhile, electron micrographs revealed that 
different strains of L. monocytogenes appeared to adapt different mechanisms to tolerate 
disinfectants [82].  
In contrast with our results, Heir et al. study indicated that there was no 
correlation between L. monocytogenes persistence isolates from food processing plants 
and tolerance to QACs, such as benzalkonium chloride [112]. However, a study by 
Lundén et al. showed that persistent strains had higher QAC tolerance than transient 
strains [113]. Differences in these studies might be explained by Lundén et al.’s findings 
that after L. monocytogenes was exposed to sub-lethal concentrations (MICs/4 or MICs/8) 
of QACs, bacteria would adapt so that all strains developed equivalent QACs tolerance. 
Meanwhile, L. monocytogenes resistance increased over 28 days [113]. These findings 
indicate that tolerance of L. monocytogenes to disinfectants may increase due to long 
term contact with low concentration of disinfectants and adaptation mechanisms occurred. 
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Disinfecting procedures should be adequately performed, including applying 
recommended concentrations of sanitizers with confirmed removal of organic matter 
which inactivate sanitizers [113, 114]. 
 
3.4.3 There is a negative correlation between isolates’ ability to form biofilms on 
day 5 and sanitizer tolerance in nutrient rich sanitizer.  
Based on a linear regression model, enhanced biofilm formation was not 
significantly associated with sanitizer tolerance under nutrient rich or nutrient limiting 
condition on day 1 and day 3 (p > 0.05). On day 5, a negative correlation only existed 
between biofilm formation and tolerance to sanitizer under nutrient rich condition (p = 






Figure 3.3. Relationship between biofilm formation (logOD590) on day 5 and sanitizer 
tolerance in nutrient rich conditions. Y-axis indicate biofilm formation (logOD590). X-
axis indicate the concentration of sanitizer tolerance. A linear regression line was drawn 
to show the negative correlation between isolates ability to form biofilms on day 5 and 
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Previously published data suggested that biofilm growth may contribute to the 
reduction of disinfectant effect [82]. Our original hypothesis was that enhanced biofilm 
attachment and increased tolerance to disinfectants may exert a synergistic effect on the 
survival of L. monocytogenes in food processing plants. However, our results suggested 
that there was no correlation between sanitizer tolerance and biofilm formation for the 
first 3 days. Meanwhile, on day 5, L. monocytogenes isolates with weak biofilm 
attachment to PVC were more tolerant to QACs. This agreed with the previous study on 
resistance of L. monocytogenes biofilm to sanitizer agents [96]. In the first week, biofilms 
were susceptible to sanitizers, and resistance to sanitizers decreases. However, after the 
first week, the biofilm’s sanitizer resistance increased. This may be due to an adaptive 
mechanism, such as the change of extracellular polymeric substances of L. 
monocytogenes since debris from dead cells is embedded in the biofilm. This allows L. 
monocytogenes to have an increased resistance to sanitizers [96, 115].  
 
3.5 Conclusion 
In this study, we characterized the differences between persistent and transient 
isolates among a set of isolates from retail deli establishments. We found several factors 
associated with isolate persistence, such as biofilm formation and disinfectant tolerance. 
Specifically, persistent L. monocytogenes were found to attach to abiotic surfaces (PVC) 
better than transient isolates on day 3. L. monocytogenes persistent isolates were also 
more tolerant to QACs compared with transient isolates. Further, a negative correlation 
was found between enhanced biofilm formation on day 5 and sanitizer tolerance under 
nutrient rich conditions. These observations help explain the ability of L. monocytogenes 
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to harbor in the food environment and survive for a long time. From our study, practices 
that could keep L. monocytogenes at very low levels include (i) proper food processing 
plant design, (ii) adequate disinfectant concentration, (iii) avoiding cross-contamination, 
and (iv) adequate cleaning and sanitizing, especially on non-food contact surfaces, such 
as drains and floors.  
Finally, there are many opportunities to improve L. monocytogenes control in 
retail deli establishments. To ensure food safety in the delis, we suggest future work be 
directed towards extensive study on the direction of L. monocytogenes cross-
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Table A-1 Store Characteristics Survey 
 
Q1.1   For the past 2 months your store has been part of a national study exploring food safety in 
retail delis. The purpose of this research is to better understand the cleaning and sanitation 
challenges you and your associates face each day.  Our goal is to develop practical, efficient, and 
safe cleaning and sanitation programs to help continuously improve food safety in retail 
delis.          
 
As a part of our ongoing study, we have developed the following survey to gather information on 
daily, weekly, and monthly operations and practices in each of the stores participating in this 
study.  We are confident that you, as a manager, are best able to describe day-to-day practices as 
well as the types of equipment currently in your store.       
 
The results from this survey will be blinded (i.e. made anonymous) and will not impact your 
performance review, employment status, or relationship with your employer in any way.  We ask 
that you answer all questions honestly and to the best of your ability as your responses will help 
guide future training programs, equipment investments, and recommended cleaning and 
sanitation programs.      
 
The following survey will take approximately 20-30 minutes to complete. You may save your 
responses, stop and return later to complete the survey as needed.       
 
Please be sure to answer every question before submitting the survey. We thank you for your time 
and support of our study; it would not be possible without you.   
 
Q92   To navigate the survey, use the Table of Contents button in the top left corner of each page 
(left of the Purdue logo).    All questions must be completed before the survey can be submitted.  
 
Q1.2 Please enter the corporate store number/identifier for your store: 
 
Q1.3 This first group of questions is about the general deli design and daily activities. 
 





























Q1.7 During which time of day is the MAXIMUM number of employees at work in the 































Q1.10 During which time of day do the FEWEST employees work in the deli? (When are the 









































Q1.15 In which departments do deli employees work during a single shift? 





 Prepared Foods 
 Other ____________________ 
 
Q1.16 What is the approximate age of the building? 
  
 5-10 years 
 10-15 years 
 15-20 years 
 20-25 years 
 >25 years ____________________ 
 I don't know 
 
Q1.17 Has the deli undergone a major renovation (e.g. remodeling, complete floor replacement)? 
 Yes 
 No 
 I don't know 
 
Q1.18 When was the deli last remodeled? (Either which year, or how many years ago) 
 
Q1.19 Where is the deli service counter located in building layout? 
 Along perimeter of building 
 "Island" style service center (customer access multiple sides) 
 Other ____________________ 
 
Q1.20 Which departments are adjacent or connected to the deli area?  Please include departments 
adjoining the deli service counter and preparation areas. 
 Bakery 
 Prepared Foods 
 Seafood 
 Raw Meat 
 Sushi 
 Other ____________________ 




Q1.21 Do deli workers walk through other departments while working in the deli?  Which 
department(s)?  Example: Yes, walk through Raw Meats to reach deli cooler. 
 Yes: Departments ____________________ 
 No 
 
Q1.22 Do workers from other departments walk through the deli during their work?From which 
departments? 
 Yes; Departments: ____________________ 
 No 
 
Q1.23 If raw meat department is adjacent to the deli, approximately how far apart are the two 
departments? 
  
 5-10 feet 
 15-20 feet 
 20-25 feet 
 >25 feet 
 Not applicable; raw meat is NOT adjacent to deli 
 
Q1.24 Is there a single basin sink designate for handling food products (separate from a hand 
washing sink) present in the deli area?This sink may also be a double basin sink that is designated 




Q1.25 What type of flooring material is present in the deli? 
 Ceramic tile and grout 
 Epoxy/synthetic floor 
 Cement 
 Other ____________________ 
 I don't know 
 
Q1.26 What types of drains are present in the deli area?Please check all that apply 
 Round covered floor drains 
 Trench drains 
 Other ____________________ 
 No drains are present in the deli floors 
 
Q1.27 Where is the cold storage room used for deli meats located? 
 Main deli area 
 Preparation area shared with another department (specify below) ____________________ 
 Inside a different department (specify below) ____________________ 
 In a rear warehouse or storage space separate from all service departments 




Q1.28 Where is the floor drain for the cold storage room located? 
 Inside cold storage room 
 Immediately outside cold storage room ( 
 Outside cold storage room (10-20 feet from door) 
 No floor drain in or near deli cold storage room (>20 feet away) 
 
Q1.29 What style of racks are used in the deli cold storage room? 
 Metal slotted racks 
 Metal wire racks 
 Plastic slotted racks 
 Metal solid shelves 
 Plastic solid shelves 
 Other ____________________ 
 
Q2.1 The following group of questions are about food handling practices. 
 
Q2.2 How often, on average, do associates change gloves? 
 After each product is handled 
 After each customer 
 Once every hour 
 Once every four hours 
 I don't know 
 
Q2.3 Is raw chicken (for frying, baking or rotisserie) handled in the deli area?   Please include 




Q2.4 Where is raw chicken stored? 
 Raw meat cooler 
 Deli cooler 
 Other ____________________ 
 Not applicable: Raw chicken is not handled in the deli area or areas adjacent to the deli 
 
Q2.5 Please list all chicken products handled in the deli area (including shared preparation space). 
 
Q2.6 Are chubs of deli meat handled/opened in the single basin (production) sink? 
 Yes 
 No 




Q2.7 Is raw chicken handled/drained in the single basin (production) sink? 
 Yes 
 No 
 I don't know 
 




Q2.9 What tasks are cutting boards used for in the deli? 
 





 >4 ____________________ 
 
Q2.11 Are deli meat and cheese sliced on the same slicer? 
 Yes 
 No 
 I don't know 
 
Q2.12 How many slicers are used to slice both cheese AND deli meat? 





 I don't know 
 
Q2.13 How many slicers are designated to slice ONLY deli meat? 




 I don't know 
 
Q2.14 How modifications/repairs been made to external or food contact components of the slicers 
(include any work that required removal of the outer housing, gaskets, welds, etc)? 
 No 
 Yes; Please describe below: ____________________ 




Q3.1 This last group of questions as for details on cleaning and sanitation practices in your deli.  
 




Q3.3 How many hours a day are dedicated to cleaning tasks during operation, while serving 
customers? 
 1 hour 
 2 hours 
 3 hours 
 4 hours 
 5 hours 
 
Q3.4 The deli is cleaned at the end of daily operation by: (Check all that apply) 
 Deli employees 
 Designated cleaning crew 
 3rd party cleaning service 
 Other ____________________ 
 
Q3.5 How many hours a day are dedicated to cleaning tasks at the end of the day after the deli has 
closed? 
 1 hour 
 2 hours 
 3 hours 
 4 hours 
 5 hours 
 >5 hours ____________________ 
 
Q3.6 Are surfaces (food and non-food contact surfaces) cleaned in a specific order at the end of 
the day after the deli has closed? 
 No 
 Yes 
 I don't know 
 
Q3.7 When are floor surfaces in the deli cleaned relative to other areas in the deli? 
 First 
 Concurrently with other equipment (same time) 
 Last 
 I don't know 




Q3.8 Which types of sanitizers are used on food contact surfaces (ex: slicer, tables, deli 
cases)? Please check ALL that apply. 
 Bleach 
 Quaternary Ammonium ("quat") 
 Iodine 
 Other ____________________ 
 I don't know 
 
Q3.9 What concentration of sanitizer(s) is used on food contact surfaces for each of the 
following:${q://QID47/ChoiceGroup/SelectedChoices} 
 
Q3.10 Are sanitizer concentrations verified (e.g. by test strip)? 
 No 
 Yes 
 I don't know 
 
Q3.11 What method is used to verify sanitizer concentration? (ex: test strip) 
 
Q3.12 How often are the slicer handles/knobs cleaned and sanitized? 
 Every hour 
 Every 4 hours 
 Once daily 
 Once every 2-4 days 
 Once every 5-7 days 
 Less than once per week 
 I don't know 
 
Q3.13 How often are the slicers used for deli meats disassembled and cleaned? 
 Every two hours 
 Every three hours 
 Every four hours 
 Once every shift 
 Once daily 
 2-3 times per week 
 I don't know 
 ____________________ 
 
Q3.14 How often are deli case handles cleaned and sanitized? 
 Once every 4 hours 
 Once daily 
 Once weekly 
 Once ever 2 weeks 
 Once every 4 weeks 




Q3.15 How often is the interior of the deli case surface-cleaned (i.e. not disassembled, not 
cleaned down to the coils)? 
 Every 4 hours 
 Daily 
 Once every 2-4 days 
 Once every 5-6 days 
 Once per week 
 Once every 2 weeks 
 Once per month 
 Other ____________________ 
 I don't know 
 
Q3.16 How often is the deli case taken apart and cleaned down to the coils? 
 Twice per week 
 Once per week 
 Once every 2 weeks 
 Once every 4 weeks 
 Once every 6 weeks 
 Once every 8 weeks 
 Less than once every 8 weeks; Please describe frequency below ____________________ 
 I don't know 
 Never 
 
Q3.17 How is the deli case cleaned down to the coils? 
 All at once with all food products removed 
 In sections with product remaining in section separate from the section being cleaned 
 I don't know 
 Other ____________________ 
 
Q3.18 Scale surfaces (where foods are placed) are cleaned and sanitized... 
 Every hour 
 Every 2 hours 
 Every 3 hours 
 Every 4 hours 
 Once every shift 
 Once at the end of the day 




Q3.19 Scale keys are cleaned and sanitized 
 Every hour 
 Every 2 hours 
 Every 3 hours 
 Every 4 hours 
 Once every shift 
 Once at the end of the day 
 I don't know 
 
Q3.20 How often is the single-basin (production) sink cleaned and sanitized? 
 Every 4 hours 
 Once daily 
 Once every 2-4 days 
 Once every 5-7 days 
 Less than Once per week 
 I don't know 
 




Q3.22 How often is the deli floor cleaned? 
 Once daily 
 Once every 2-4 days 
 Once every 5-7 days 
 Less than once per week 
 I don't know 
 
Q3.24 What procedures are used to clean the deli floor?Please check all that apply: 
 Pressurized water 
 Scrub brushes 
 Mops 
 Spray-on sanitizer 
 Squeegee excess water to a floor drain 
 Other ____________________ 
 
Q3.23 How often is the floor under the sinks (including against the wall under the sink) cleaned? 
 Once every 4 hours 
 Once daily 
 Once weekly 
 One every 2 weeks 
 Once every 4 weeks 













Q3.27 Which sanitizers are used on floors? Please check all that apply 
 Bleach 
 Quaternary ammonium ("quat") 
 Iodine 
 Other ____________________ 
 I don't know 
 Not applicable, sanitizer is not used on floors 
 
Q3.28 How often is the floor under the sinks (including against the wall under the sink) sanitized? 
 Once every 4 hours 
 Once daily 
 Once weekly 
 One every 2 weeks 
 Once every 4 weeks 
 I don't know 
 Click to write Choice 7 
 
Q3.29 What concentration of sanitizer(s) is used on floors for 
each ${q://QID52/ChoiceGroup/SelectedChoicesTextEntry}?Please list each sanitizer and 
concentration used on floors. 
 
Q3.30 How often is the drain in the deli area cleaned? 
 Once every 4 hours 
 Once daily 
 Once weekly 
 Once every 2 weeks 
 Once every 4 weeks 




Q3.31 How are the drains in the deli area cleaned?Please check all that apply 
 Available scrub brushes 
 Designated cleaning tools 
 Hoses (pressurized water) 
 Foaming tablet 
 Other ____________________ 
 Drains are not routinely cleaned 
 I don't know 
 
Q3.32 Which sanitizers are used on floor drains? Please check all that apply 
 Bleach 
 Quaternary ammonium ("quat") 
 Iodine 
 Other ____________________ 
 I don't know 
 Sanitizer is not used on floor drains. 
 
Q3.33 How often is the floor drain in the deli area sanitized? 
 Once every 4 hours 
 Once daily 
 Once weekly 
 Once every 2 weeks 
 Once every 4 weeks 
 I don't know 
 
Q3.34 How often are the deli cold room walls cleaned and sanitized? 
 Weekly 
 Once every 2 weeks 
 Once every 4 weeks 
 Once every 8 weeks 
 Once every 6 months 
 Once every year 
 I don't know 
 
Q3.35 How often are the deli cold room racks cleaned and sanitized? 
 Weekly 
 One every 2 weeks 
 Once every 4 weeks 
 Once every 8 weeks 
 Once every 6 months 
 Once a year 




Q3.36 How often are the deli cold room floors cleaned and sanitized? 
 Weekly 
 Once every 2 weeks 
 Once every 4 weeks 
 Once every 8 weeks 
 Once every 6 months 
 Once annually 
 I don't know 
 
Q3.37 How often is the deli cold room door handle cleaned and sanitized? 
 Every 4 hours 
 Once daily 
 Once every 2-4 days 
 Once every 5-7 days 
 Less than once per week 
 I don't know 
 
Q4.1 Please list the manufacturer, model, approximate age, and general condition (e.g. like new, 
gently used, slightly pitted) for each slicer which may be used to slice deli meat. 
 







Table A-2 L. monocytogenes prevalence and predict probability of high L. 








1 0.007 0.029 
2 0.278 0.997 
3 0.006 0.029 
4 0.032 0.577 
5 0.000 0.029 
6 0.000 0.029 
7 0.285 0.997 
8 0.083 0.029 
9 0.008 0.029 
10 0.258 0.877 
11 0.013 0.577 
12 0.037 0.029 
13 0.051 0.029 
14 0.007 0.029 
15 0.000 0.029 
16 0.136 0.029 
17 0.034 0.029 
18 0.032 0.877 
19 0.029 0.029 
20 0.013 0.029 
21 0.182 0.577 
22 0.099 0.029 
23 0.303 1.000 
24 0.319 0.999 
25 0.007 0.029 
26 0.026 0.029 
27 0.078 0.029 
28 0.346 1.000 
29 0.083 0.877 
30 0.000 0.029 
31 0.000 0.063 
32 0.000 0.029 
33 0.000 0.029 
34 0.400 0.877 
35 0.200 0.577 
36 0.000 0.029 
37 0.200 0.877 
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38 0.200 0.999 
39 0.500 0.965 
40 0.222 0.997 
41 0.000 0.029 
42 0.000 0.029 
43 0.000 0.029 
44 0.100 0.577 
45 0.000 0.029 
46 0.000 0.029 
47 0.900 1.000 
48 0.000 0.029 
49 0.000 0.063 
50 0.000 0.029 
51 0.200 0.375 
52 0.200 0.029 
53 0.500 0.997 
54 0.000 0.029 
55 0.000 0.029 
56 0.000 0.029 
57 0.000 0.029 
58 0.100 0.029 
59 0.000 0.029 
60 0.100 0.877 
61 0.000 0.029 
62 0.100 0.029 
63 0.000 0.029 
64 0.200 0.577 
65 0.000 0.029 
66 0.100 0.029 
67 0.000 0.029 
68 0.000 0.029 
69 0.000 0.029 
70 0.200 0.029 
71 0.000 0.029 
72 0.000 0.029 
73 0.000 0.029 
74 0.000 0.029 
75 0.000 0.029 
76 0.000 0.029 






A total of 100 retail deli establishments were participated in the this study (20 delis), 
longitudinal study (30 delis), and screening study (50 delis); 
b 
L. monocytogenes prevalence (positive samples/number of samples) in each retail deli 
establishment; 
c 
Predicted possibility of high L. monocytogenes prevalence was tested in each retail deli 






78 0.300 0.577 
79 0.000 0.029 
80 0.000 0.063 
81 0.000 0.029 
82 0.000 0.029 
83 0.000 0.029 
84 0.050 0.029 
85 0.054 0.877 
86 0.050 0.029 
87 0.000 0.029 
88 0.000 0.029 
89 0.000 . 
90 0.000 0.029 
91 0.000 0.029 
92 0.026 0.029 
93 0.000 0.029 
94 0.000 0.029 
95 0.050 0.877 
96 0.000 0.029 
97 0.000 0.029 
98 0.000 0.029 
99 0.050 0.577 
100 0.050 0.877 
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Q1.4 How many shifts are scheduled per day in your deli? 0.37 0.64 
Q1.5 
Approximately how many employees, on average, work 
during a given shift in the deli? 0.09 0.43 
Q1.6 
What is the MAXIMUM number of employees working 
the deli at one time? 0.37 0.64 
Q1.7 
During which time of day is the MAXIMUM number of 
employees at work in the deli? 0.92 0.95 
Q1.8 
On which DAY of the week do the MOST employees 
work in the deli? 0.08 0.43 
Q1.9 
What is the MINIMUM number of employees working 
in the deli at one time? 0.69 0.83 
Q1.10 
During which time of day do the FEWEST employees 
work in the deli? 0.55 0.76 
Q1.11 
On which DAY of the week do the FEWEST employees 
work in the deli at once? 0.15 0.46 
Q1.12 
Does the number of employees working in the deli vary 
by season (e.g. holidays, summer)? 0.77 0.89 
Q1.13 
How many hours per day, on average, does the deli 
serve customers? 0.73 0.86 
Q1.14 
Do deli employees work in other departments during a 
single shift (e.g. produce, raw meat)? 0.62 0.79 
Q1.15.1 
Do deli employees work in raw meat department during 
a single shift? 0.62 0.79 
Q1.15.2 
Do deli employees work in bakery department during a 
single shift? 0.46 0.70 
Q1.15.3 
Do deli employees work in produce department during a 
single shift? 0.14 0.46 
Q1.15.4 
Do deli employees work in seafood department during a 
single shift? 0.39 0.64 
Q1.15.5 
Do deli employees work in dairy department during a 
single shift? . . 
Q1.15.6 
Do deli employees work in prepared food department 
during a single shift? 0.13 0.46 
Q1.15.7 
Do deli employees work in other department during a 
single shift? 0.08 0.43 
Q1.16 What is the approximate age of the building? 0.29 0.60 
Q1.17 
Has the deli undergone a major renovation (e.g. 
remodeling, complete floor replacement)? 0.78 0.89 
Q1.18 When was the deli last remodeled? 0.97 0.97 
Q1.19 
Where is the deli service counter located in building 
layout? 0.92 0.95 
Q1.20.1 
Is bakery department adjacent or connected to the deli 




Is prepared foods department adjacent or connected to 
the deli area? 0.39 0.64 
Q1.20.3 
Is seafood department adjacent or connected to the deli 
area? 0.86 0.93 
Q1.20.4 
Is raw meat department adjacent or connected to the deli 
area? 0.01 0.18 
Q1.20.5 
Is sushi department adjacent or connected to the deli 
area? 0.95 0.95 
Q1.20.6 
Is other department adjacent or connected to the deli 
area? 0.28 0.60 
Q1.21 
Do deli workers walk through other departments while 
working in the deli? 0.31 0.63 
Q1.22 
Do workers from other departments walk through the 
deli during their work? 0.80 0.89 
Q1.23 
If raw meat department is adjacent to the deli, 
approximately how far apart are the two departments? 0.65 0.81 
Q1.24 
Is there a single basin sink designate for handling food 
products (separate from a hand washing sink) present in 
the deli area? 0.73 0.86 
Q1.25 What type of flooring material is present in the deli? 0.38 0.64 
Q1.26.1 Are round covered floor drains present in the deli area? 0.03 0.26 
Q1.26.2 Are trench drains present in the deli area? 0.46 0.70 
Q1.26.3 Are other floor drains present in the deli area? 0.33 0.63 
Q1.26.4 Are there no floor drains present in the deli area? 0.29 0.60 
Q1.27 
Where is the cold storage room used for deli meats 
located? 0.18 0.50 
Q1.28 
Where is the floor drain for the cold storage room 
located? 0.19 0.50 
Q1.29.1 
Are metal style of racks used in the deli cold storage 
room? 0.06 0.37 
Q1.29.2 
Are plastics style of racks used in the deli cold storage 
room? 0.62 0.79 
Q2.2 How often, on average, do associates change gloves? 0.46 0.70 
Q2.3 
Is raw chicken (for frying, baking or rotisserie) handled 
in the deli area? 0.14 0.46 
Q2.4 Where is raw chicken stored? 0.54 0.75 
Q2.5.1 Do fried chicken products handled in the deli area? 0.65 0.81 
Q2.5.2 Do baked products handled in the deli area? 0.13 0.46 
Q2.5.3 Do rotisserie chicken products handled in the deli area? 0.23 0.53 
Q2.5.4 Do other chicken products handled in the deli area? 0.88 0.94 
Q2.6 
Are chubs of deli meat handled/opened in the single 
basin (production) sink? 0.08 0.43 
Q2.7 
Is raw chicken handled/drained in the single basin 
(production) sink? 0.05 0.37 
Q2.8 Are cutting boards used in the deli? 0.62 0.79 
Q2.9.1 Are cutting boards used for cutting meats in the deli? 0.56 0.76 
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Q2.9.2 Are cutting boards used for sandwich prep in the deli? 0.17 0.50 
Q2.9.3 Are cutting boards used for cheese cutting in the deli? 0.79 0.89 
Q2.9.4 Are cutting boards used for party trays in the deli? 0.80 0.89 
Q2.9.5 Are cutting boards used for others in the deli? 0.35 0.63 
Q2.10 How many slicers are present in the deli area? 0.05 0.37 
Q2.11 Are deli meat and cheese sliced on the same slicer? 0.11 0.44 
Q2.12 
How many slicers are used to slice both cheese AND 
deli meat? 0.20 0.51 
Q2.13 
How many slicers are designated to slice ONLY deli 
meat? 0.00 0.06 
Q2.14 
How modifications/repairs been made to external or 
food contact components of the slicers? 0.45 0.70 
Q3.2 Do deli employees have designated cleaning tasks? 0.14 0.46 
Q3.3 
How many hours a day are dedicated to cleaning tasks 
during operation, while serving customers? 0.46 0.70 
Q3.4.1 
Is the deli cleaned by deli employees at the end of daily 
operation? . . 
Q3.4.2 
Is the deli cleaned by designated cleaning crew at the 
end of daily operation? 0.93 0.95 
Q3.4.3 
Is the deli cleaned by 3rd party cleaning service at the 
end of daily operation? 0.66 0.81 
Q3.5 
How many hours a day are dedicated to cleaning tasks 
at the end of the day after the deli has closed? 0.94 0.95 
Q3.6 
Are surfaces (food and non-food contact surfaces) 
cleaned in a specific order at the end of the day after the 
deli has closed? 0.92 0.95 
Q3.7 
When are floor surfaces in the deli cleaned relative to 
other areas in the deli? 0.10 0.44 
Q3.8.1 Is bleach used on food contact surfaces? 0.81 0.89 
Q3.8.2 Is quaternary ammonium used on food contact surfaces? 0.33 0.63 
Q3.8.3 Is other sanitizer used on food contact surfaces? 0.83 0.90 
Q3.8.4 
I don't know what types of sanitizers are used on food 
contact surfaces. 0.26 0.58 
Q3.9 
What concentration of sanitizer(s) is used on food 
contact surfaces? 0.29 0.60 
Q3.10 Are sanitizer concentrations verified (e.g. by test strip)? 0.49 0.70 
Q3.11 What method is used to verify sanitizer concentration? . . 
Q3.12 
How often are the slicer handles/knobs cleaned and 
sanitized? 0.20 0.50 
Q3.13 
How often are the slicers used for deli meats 
disassembled and cleaned? 0.88 0.94 
Q3.14 How often are deli case handles cleaned and sanitized? 0.37 0.64 
Q3.15 
How often is the interior of the deli case surface-
cleaned? 0.29 0.60 
Q3.16 
How often is the deli case taken apart and cleaned down 
to the coils? 0.03 0.26 
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Q3.17 How is the deli case cleaned down to the coils? 0.48 0.70 
Q3.18 
How often scale surfaces (where foods are placed) are 
cleaned and sanitized? 0.53 0.75 
Q3.19 How often scale keys are cleaned and sanitized? 0.67 0.81 
Q3.20 
How often is the single-basin (production) sink cleaned 
and sanitized? 0.13 0.46 
Q3.21 Are floor squeegees used in the deli area? 0.01 0.18 
Q3.22 How often is the deli floor cleaned? 0.21 0.51 
Q3.23 
How often is the floor under the sinks (including against 
the wall under the sink) cleaned? 0.34 0.63 
Q3.24.1 Are pressurized water used to clean the deli floor? 0.17 0.50 
Q3.24.2 Are scrub brushes used to clean the deli floor? 0.03 0.26 
Q3.24.3 Are mops used to clean the deli floor? 0.35 0.63 
Q3.24.4 Is spry-on sanitizer used to clean the deli floor? 0.01 0.18 
Q3.24.5 
Does squeegeeing water down drain used to clean the 
deli floor? 0.47 0.70 
Q3.24.6 Are other procedures used to clean the deli floor? 0.73 0.86 
Q3.25 
Is pressurized water (e.g. hoses, pressure washer) used 
to rinse equipment and floors in the deli? 0.60 0.79 
Q3.26 Is sanitizer used on deli floors? 0.03 0.26 
Q3.27.1 Is bleach used on floors? 0.00 0.15 
Q3.27.2 Is quaternary ammonium used on floors? 0.02 0.25 
Q3.27.3 Are other sanitizers used on floors? 0.20 0.50 
Q3.27.4 I don't know what sanitizers are used on floors. 0.22 0.53 
Q3.27.5 Not applicable, sanitizer is not used on floors 0.09 0.43 
Q3.28 
How often is the floor under the sinks (including against 
the wall under the sink) sanitized? 0.09 0.43 
Q3.29 What concentration of sanitizer(s) is used on floors 0.03 0.26 
Q3.30 How often is the drain in the deli area cleaned? 0.14 0.46 
Q3.31.1 
Are the drains cleaned by available scrub brushes in the 
deli area? 0.08 0.43 
Q3.31.2 
Are the drains cleaned by designated cleaning tools in 
the deli area? 0.34 0.63 
Q3.31.3 Are the drains cleaned by hoses in the deli area? 0.06 0.37 
Q3.31.4 Are the drains cleaned by others in the deli area? 0.58 0.77 
Q3.31.5 Drains are not routinely cleaned. 0.19 0.50 
Q3.31.6 I don't know how drains in the deli area are cleaned 0.35 0.63 
Q3.32.1 Is bleach used on floor drains? 0.00 0.06 
Q3.32.2 Is quaternary ammonium used on floor drains? 0.02 0.26 
Q3.32.3 Are other sanitizers used on floor drains? 0.48 0.70 
Q3.32.4 I don't know what sanitizers are used on floor drains. . . 
Q3.32.5 Not applicable, sanitizer is not used on floor drains 0.10 0.44 




How often are the deli cold room walls cleaned and 
sanitized? 0.03 0.26 
Q3.35 
How often are the deli cold room racks cleaned and 
sanitized? 0.15 0.47 
Q3.36 
How often are the deli cold room floors cleaned and 
sanitized? 0.23 0.53 
Q3.37 
How often is the deli cold room door handle cleaned 
and sanitized? 0.12 0.46 
a
All questions from the survey were listed here; 
b
Annotation was defined based off the Store Characteristics Survey; 
c
p-value represented the significance level performed by correlation test before FDR analysis. 
Missing p-value suggested that the survey question was not valid for correlation testing since no 
difference was between responses;  
d
adj. p-value represented the significance level performed by correlation test after FDR analysis. 
Missing p value suggested that the survey question was not valid for correlation testing since no 





Table A-4. Biofilm formation (OD590) at day 1, 3, and 5, sanitizer tolerance under 


































5081 4 0.552 0.523 0.599 3.2 3.2 
Deli case 
near raw 
meat CU-8 CU-96 
FSL R8-
5088 5 0.564 0.555 0.641 3.2 3.2 
Deli case 
trays CU-11 CU-320 
FSL R8-
5104 3 0.068 0.110 0.190 6.25 6.25 Deli case CU-258 CU-69 
FSL R8-
5108 4 0.421 0.431 0.668 6.25 3.2 
Deli case 
near raw 
meat CU-8 CU-340 
FSL R8-
5112 5 0.555 0.449 0.585 6.25 6.25 
Deli case 
trays CU-11 CU-326 
FSL R8-
5119 6 0.360 0.319 0.454 6.25 6.25 
Deli case 
handle CU-11 CU-326 
FSL R8-
5124 4 0.192 0.282 0.470 6.25 6.25 
Deli case 
near raw 
meat CU-11 CU-282 
FSL R8-
5233 5 0.449 0.593 0.815 6.25 6.25 
Deli case 
trays CU-8 CU-96 
FSL R8-
5237 2 0.081 0.139 0.225 6.25 6.25 
Slicer 
handle/knob CU-258 CU-69 
FSL R8-
5312 1 0.074 0.164 0.231 6.25 6.25 Slicer CU-258 CU-69 
FSL R8-
5318 5 0.257 0.535 0.707 6.25 6.25 
Deli case 
trays CU-11 CU-320 
FSL R8-
5487 7 0.115 0.218 0.078 6.3 3.2 
3-basin deli 
sink interior CU-57 CU-267 
FSL R8-




interior CU-40 CU-96 
FSL R8-




the drain CU-11 CU-326 
FSL R8-
5629 2 0.087 0.124 0.078 12.5 12.5 
Slicer 
handle/knob CU-258 CU-67 
FSL R8-
5634 3 0.227 0.095 0.093 12.5 12.5 Deli case CU-258 CU-69 
FSL R8-
5658 15 0.113 0.253 0.182 12.5 12.5 
Floor, deli 
area CU-258 CU-332 
FSL R8-
5682 28 0.123 0.191 0.129 12.5 12.5 Counter CU-258 CU-328 
FSL R8-
5686 13 0.299 0.245 0.141 12.5 12.5 
Drain, deli 




5692 1 0.106 0.141 0.093 12.5 6.3 Slicer CU-258 CU-69 
FSL R8-
5706 8 0.085 0.104 0.091 12.5 12.5 
3-basin deli 
sink exterior CU-258 CU-333 
FSL R8-





sink CU-262 CU-79 
FSL R8-




interior CU-57 CU-267 
FSL R8-
5790 10 0.216 0.201 0.194 12.5 12.5 
Drain; cold 
room 
storage CU-11 CU-324 
FSL R8-




interior CU-40 CU-96 
FSL R8-
5826 20 0.066 0.146 0.084 12.5 12.5 
Floor, deli 
area CU-258 CU-333 
FSL R8-
5841 7 0.132 0.211 0.120 12.5 6.3 
Standing 
water CU-82 CU-215 
FSL R8-
5854 16 0.131 0.072 0.104 12.5 6.3 
3-basin deli 
sink interior CU-258 CU-69 
FSL R8-
5963 3 0.155 0.333 0.113 3.2 3.2 
Floor, deli 
cold storage 
room CU-295 CU-329 
FSL R8-
5989 6 0.162 0.318 0.167 12.5 6.3 Deli case CU-55 CU-266 
FSL R8-
5997 12 0.156 0.634 0.205 6.3 3.2 
Deli case 
handle CU-56 CU-266 
FSL R8-





basin) CU-82 CU-220 
FSL R8-
6037 4 0.088 0.197 0.105 6.3 3.2 Slicer CU-258 CU-323 
FSL R8-
6122 14 0.110 0.260 0.127 6.3 6.3 
Deli case 
near raw 
meat CU-259 CU-322 
FSL R8-




the drain CU-262 CU-317 
FSL R8-





used in deli 
area (not 




6168 10 0.347 0.121 0.091 6.3 3.2 Counter CU-262 CU-79 
FSL R8-




interior CU-11 CU-325 
FSL R8-
6271 10 0.114 0.125 0.154 3.2 3.2 
Hoses (used 
for cleaning 
floors) CU-11 CU-320 
FSL R8-




interior CU-11 CU-320 
FSL R8-
6317 18 0.685 0.250 0.481 6.3 3.2 
Wheeled 
carts CU-8 CU-96 
FSL R8-
6341 9 0.249 0.248 0.492 6.3 3.2 
Drain; cold 
room 
storage CU-8 CU-96 
FSL R8-





sink CU-8 CU-96 
FSL R8-
6412 12 0.242 0.204 0.435 6.3 3.2 
Wheeled 
carts CU-300 CU-339 
FSL R8-





basin) CU-262 CU-79 
FSL R8-
6454 8 0.150 0.280 0.382 3.2 3.2 Deli case CU-180 CU-231 
FSL R8-
6456 10 0.061 0.062 0.076 6.3 3.2 
3-basin deli 
sink exterior CU-263 CU-319 
FSL R8-




interior CU-40 CU-96 
FSL R8-
6592 18 0.155 0.290 0.197 3.2 3.2 
3-basin deli 
sink interior CU-57 CU-267 
FSL R8-
6625 11 0.111 0.125 0.109 3.2 3.2 
Drain; cold 
room 
storage CU-57 CU-267 
FSL R8-




basin) CU-40 CU-96 
FSL R8-




the drain CU-8 CU-96 
FSL R8-
6676 13 0.132 0.186 0.110 6.3 6.3 
Drain; cold 
room 




6721 13 0.265 0.308 0.424 12.5 12.5 
Drain, deli 
area CU-40 CU-96 
FSL R8-
6739 18 0.282 0.283 0.316 6.3 3.2 
Drain, deli 
area CU-11 CU-320 
FSL R8-
6751 20 0.093 0.124 0.101 12.5 12.5 
Drain; cold 
room 
storage CU-258 CU-67 
FSL R8-
6757 21 0.111 0.173 0.095 6.3 6.3 
Standing 
water CU-298 CU-335 
FSL R8-





used in deli 
area (not 
hose)  CU-262 CU-334 
FSL R8-
6765 21 0.097 0.122 0.097 12.5 12.5 
Wheeled 
carts CU-258 CU-323 
FSL R8-





used in deli 
area (not 
hose)  CU-305 CU-347 
FSL R8-
6808 16 0.144 0.090 0.093 6.25 6.25 
Deli case 
trays CU-262 CU-79 
FSL R8-
6828 7 0.188 0.182 0.174 6.25 6.25 
Floor, deli 
cold storage 
room.  CU-263 CU-318 
FSL R8-
6832 12 0.110 0.106 0.111 12.5 6.25 
3-basin deli 
sink interior CU-262 CU-79 
FSL R8-





basin) CU-258 CU-69 
FSL R8-
6900 2 0.365 0.280 0.238 6.25 6.25 
Drain, deli 
area CU-262 CU-334 
FSL R8-
7006 7 0.070 0.328 0.415 6.25 3.2 
Slicer 
handle/knob CU-294 CU-321 
FSL R8-
7012 24 0.217 0.435 0.569 6.25 3.2 
3-basin deli 
sink interior CU-11 CU-320 
FSL R8-
7047 10 0.267 0.292 0.423 6.25 6.25 
Trash cans 
in the deli 
area CU-11 CU-320 
FSL R8-




interior CU-294 CU-321 
FSL R8-












the drain CU-143 CU-316 
FSL R8-




interior CU-11 CU-320 
FSL R8-
7141 21 0.301 0.296 0.362 6.25 6.25 
Floor, deli 
cold storage 
room.  CU-11 CU-320 
FSL R8-





used in deli 
area (not 
hose)  CU-57 CU-267 
FSL R8-




basin) CU-299 CU-338 
FSL R8-
7187 9 0.093 0.216 0.315 6.25 12.5 
Cold 
Storage 
room wall CU-299 CU-338 
FSL R8-





sink CU-299 CU-338 
FSL R8-
7198 14 0.226 0.240 0.441 6.25 12.5 
3-basin deli 
sink exterior CU-11 CU-320 
FSL R8-




the drain CU-40 CU-342 
FSL R8-
7348 12 0.101 0.074 0.080 12.5 12.5 
3-basin deli 
sink interior CU-294 CU-321 
FSL R8-





basin) CU-262 CU-79 
FSL R8-
7389 16 0.155 0.093 0.082 3.2 3.2 
3-basin deli 
sink interior CU-294 CU-321 
FSL R8-
7399 7 0.088 0.155 0.127 12.5 6.25 
Floor, deli 
cold storage 
room.  CU-57 CU-267 
FSL R8-
7468 16 0.083 0.160 0.280 6.25 3.2 
3-basin deli 
sink interior CU-200 CU-227 
FSL R8-
7474 9 0.103 0.166 0.193 3.2 3.2 
Floor, deli 
cold storage 
room.  CU-40 CU-96 








7489 28 0.079 0.105 0.124 25 25 
Floor, deli 
cold storage 
room.  CU-40 CU-96 
FSL R8-
7554 9 0.185 0.194 0.263 12.5 6.25 Counter CU-11 CU-320 
FSL R8-





sink CU-258 CU-322 
FSL R8-




interior CU-8 CU-96 
FSL R8-
7698 7 0.080 0.084 0.086 3.2 3.2 
Drain, deli 
area CU-143 CU-316 
FSL R8-
7708 14 0.227 0.232 0.274 3.2 6.25 
3-basin deli 
sink interior CU-200 CU-227 
FSL R8-




the drain CU-11 CU-79 
FSL R8-





sink CU-259 CU-322 
FSL R8-
7825 16 0.079 0.120 0.126 6.25 3.2 
Floor, deli 
area CU-11 CU-320 
FSL R8-
7829 18 0.070 0.093 0.092 3.2 3.2 
Floor, deli 
cold storage 
room.  CU-258 CU-69 
FSL R8-
7833 6 0.555 0.159 0.172 3.2 3.2 
Drain; cold 
room 
storage CU-262 CU-79 
FSL R8-
7846 4 0.107 0.081 0.106 6.25 3.2 
Deli case 
handle CU-258 CU-69 
Persistence isolates 
FSL R8-




5230 4 0.794 0.311 0.318 6.25 3.2 





5243 4 0.085 0.140 0.202 6.25 3.2 





5402 10 0.125 0.237 0.077 12.5 25 





5410 14 0.249 0.345 0.191 25 25 
Deli area floor 
adjacent to the 




5436 6 0.122 0.246 0.141 25 12.5 Deli case handle CU-55 CU-266 
FSL R8-
5446 12 0.358 0.358 0.188 25 12.5 
Floor/wall 
juncture under 
deli sink (single 
basin) CU-11 CU-320 
FSL R8-
5449 14 0.557 0.218 0.090 12.5 12.5 
Deli area floor 





5492 9 0.084 0.139 0.076 12.5 12.5 
Floor/wall 
juncture under 




5547 12 0.131 0.227 0.107 12.5 12.5 
Floor/wall 
juncture under 
deli sink (single 
basin) CU-8 CU-340 
FSL R8-
5618 18 0.203 0.286 0.218 12.5 12.5 
Drain; cold 
room storage CU-11 CU-320 
FSL R8-
5760 7 0.115 0.097 0.075 3.2 0.32 





5779 10 0.403 0.346 0.210 12.5 6.3 
Floor/wall 
juncture under 
deli sink (single 
basin) CU-8 CU-96 
FSL R8-
5797 12 0.106 0.204 0.102 12.5 3.2 
Racks, deli 
storage cold 
room CU-40 CU-96 
FSL R8-
5812 19 0.104 0.155 0.094 12.5 6.3 
Floor/wall 
juncture under 





















5858 21 0.278 0.283 0.230 12.5 6.3 Drain, deli area CU-11 CU-320 
FSL R8-
5874 13 0.426 0.276 0.091 12.5 6.3 
Floor/wall 
juncture under 








6015 13 0.411 0.406 0.291 12.5 12.5 Drain, deli area CU-11 CU-320 
FSL R8-






6118 18 0.254 0.338 0.292 6.3 3.2 
Squeegee or 
other floor 




in deli area (not 
hose)  
FSL R8-
6134 21 0.116 0.287 0.189 6.3 3.2 















6220 21 0.146 0.224 0.303 6.3 3.2 
Deli area floor 










in deli area (not 
hose)  CU-8 CU-96 
FSL R8-
6301 21 0.349 0.397 0.393 6.3 3.2 
Deli area floor 
adjacent to the 
drain CU-11 CU-320 
FSL R8-














6480 1 0.139 0.156 0.105 12.5 12.5 
Floor/wall 
juncture under 
deli sink (single 
basin) CU-11 CU-282 
FSL R8-
6655 12 0.262 0.283 0.391 6.3 6.3 Floor, deli area CU-11 CU-320 
FSL R8-
6735 15 0.120 0.278 0.176 3.2 6.3 
Deli sink (single 
basin) interior CU-57 CU-267 
FSL R8-
6743 10 0.078 0.166 0.110 6.3 6.3 
Deli area floor 





6870 14 0.252 0.263 0.369 12.5 12.5 
Drain; cold 
room storage CU-8 CU-96 
FSL R8-






6918 18 0.074 0.333 0.423 6.25 6.25 





7037 10 0.081 0.172 0.283 12.5 12.5 
Deli sink (single 
basin) interior CU-57 CU-267 
FSL R8-




equipment used CU-11 CU-320 
102 
 
in deli area (not 
hose)  
FSL R8-





Isolate name of 41 persistent and 97 transient isolates tested in this study listed;    
b
Individual store identification number; 
f
Sample site in the deli where the isolate was recovered; 
b
Biofilm formation on day 1 after inoculation was measured by its optical density (OD590) 
after incubation at 30
o
C for 24 h; 
c
Biofilm formation on day 3 after inoculation was measured by its optical density (OD590) 
after incubation at 30
o
C for 72 h; 
d
Biofilm formation on day 5 after inoculation was measured by its optical density (OD590) 
after incubation at 30
o
C for 120 h; 
e
Sanitizer tolerance under 1X TBS was measured by MIC assay. Tolerance was present as 
concentration with the unit parts per million (ppm); 
e
Sanitizer tolerance under 1/10X TBS was measured by MIC assay. Tolerance was 
present as concentration with the unit parts per million (ppm);
 
g
AscI PFGE pattern number per the Cornell University database; 
h
ApaI pFGE pattern number per the Cornell University database. 
 
